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ABSTRACT To investigate the role of DNA damage and 
nucleotide excision repair in intrachromosomal homologous 
recombination, a plasmid containing duplicated copies of the 
gene coding for hygromycin resistance was introduced into the 
genome of a repair-proficient human cell line, KMST-6, and 
two repair-deficient lines, XP20S(SV) from xeroderma pig- 
mentosum complementation group A and XP2YO(SV) from 
complementation group F. Neither hygromycin-resistance gene 
codes for a functional enzyme because each contains an 
insertion/deletion mutation at a unique site, but recombina- 
tion between the two defective genes can yield hygromycin- 
resistant cells. The rates of spontaneous recombination in 
normal and xeroderma pigmentosum cell strains containing the 
recombination substrate were found to be similar. The fre- 
quency of UV-induced recombination was determined for three 
of these cell strains. At low doses, the group A cell strain and 
the group F cell strain showed a significant increase in fre- 
quency of recombinants. The repair-proficient cell strain re- 
quired 10- to 20-fold higher doses of UV to exhibit comparable 
increases in frequency of recombinants. These results suggest 
that unexcised DNA damage, rather than the excision repair 
process per se> stimulates such recombination. 



Cells from persons with an inherited predisposition to skin 
carcinomas on sunlight-exposed areas, xeroderma pigmen- 
tosum (XP) patients (1), are markedly deficient in nucleotide 
excision of DNA damage induced by UV radiation, sunlight, 
and chemicals that produce DNA lesions similar to those 
induced by UV (2). XP cells are abnormally sensitive to the 
cytotoxic, mutagenic, and transforming effects of such agents 
(3-7). Since protooncogenes can be activated by point mu- 
tations (8), the increased sensitivity of XP cells to mutation 
induction is considered to contribute to the abnormally high 
frequency of tumors in these patients. But recent evidence 
points to homologous recombination in somatic cells as 
another mechanism in the multistep process of tumorigenesis 
(9-11). For example, Cavanee et al. (9) showed that recom- 
bination in cells from a retinoblastoma patient allowed a 
mutant allele of the RBI locus to become homozygous, 
permitting expression of the recessive phenotype in the 
tumor cells. If unexcised DNA lesions promote homologous 
recombination, then XP cells could be prone to increased 
homozygosis of oncogenes through recombination. 

Wang et al. (12) showed that DNA-damaging agents, 
including UV, can induce a dose-dependent increase in the 
frequency of intrachromosomal homologous recombination 
in mouse cells in culture, and Bhattacharyya et al. (13) 
showed that the increase correlated with the number of DNA 
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adducts formed. However, there were significant differences 
between agents in the frequency of recombination induced 
per adduct, and these could not be explained by differences 
in overall rate of excision of the adducts formed. From this 
study it was not possible to determine whether the recom- 
bination resulted from unrepaired adducts or from the pro- 
cess of excision repair itself. To answer these questions, we 
have studied spontaneous and UV-induced intrachromo- 
somal recombination in human cell lines that differ in their 
capacity for excision repair. We found that the strains have 
similar rates of spontaneous intrachromosomal recombina- 
tion, but the frequency of UV-induced recombination in the 
XP cell strains is much higher than in the repair-proficient cell 
strain. 

MATERIALS AND METHODS 

Construction of pTPSN. A hybrid sequence consisting of 
the promoter of the Herpes simplex virus 1 thymidine kinase 
(Htk) gene, the coding region of the gene coding for hygro- 
mycin (Hyg) resistance (hyg), and the poly (A) site of the Htk 
gene was constructed by replacing a Bgl U-Sma I fragment 
of the Htk gene in pTK173 (nucleotides 460-1625; ref. 14) 
with a 1.3-kilobase-pair (kbp) Hindlll-Bgl II fragment con- 
taining the coding region of the hyg gene (15). This hybrid hyg 
gene sequence was shown by transfection to be functional in 
mammalian cells. The first insertion/deletion mutation was 
introduced into the hyg gene at the unique Pvu I site (nucle- 
otide 594; ref. 15) by resection with T4 DNA polymerase and 
ligation of a 10-bp Hindlll linker (see Fig. 1). The second 
insertion/deletion mutation was introduced at a .Sac II site 
(nucleotide 1011; ref. 15) by resection with T4 DNA poly- 
merase and addition of a 10-bp Hindlll linker. The first 
mutant gene as a 2.2-kbp Pvu II fragment was cloned into the 
unique Sea I site of plasmid pJS-1 (16). The second mutant, 
also on a 2.2-kbp fragment, was cloned into pJS-1 at the 
unique BamHl site using BamHl linkers. The two mutations 
are located 417 bp apart in the hyg gene. The two genes are 
distinguishable in Southern blot analysis because the Pvu I 
mutant hyg gene is recoverable on a 2.9-kbp Dra I fragment, 
whereas the Sac II mutant hyg gene is recoverable on a 
2.6-kbp Dra I fragment or on a 2.2-kbp Bam HI fragment (Fig. 
1). 

Cells and Culture Conditions. The KMST-6 cell line (17), 
from M. Namba (Kawasaki Medical School, Kawasaki, 
Japan), and the simian virus 40-immortalized XP cell lines 
[XP20S(SV), complementation group A, and XP2YO(SV), 
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Fig. 1. Construction of pTPSN showing orientation of the two 
hyg genes and of the neo gene and the size of the restriction enzyme 
fragments. B, BamHl; C, Cla I; D, Dra I; H, //mdlll; P, Pvu II; S, 
Sea I. The stippled or hatched areas indicate gene promoter regions. 
The arrows indicate the direction of transcription. 

group F (18)], supplied by H. Takebe (Kyoto University, 
Kyoto, Japan), were cultured in Eagle's minimal essential 
medium with 10% (vol/vol) fetal bovine serum and modified 
as in ref. 12. 

DNA Transection and Isolation of G418-Resistant (G418 r ) 
Transfectants. Cells were transfected as described (19) and 
selected with 200 jig of active G418 (GIBCO) per ml of 
medium 24 hr later. After 3 weeks, colonies were transferred 
to small wells and propagated in selective medium. 

Southern Blot Analysis. DNA was isolated and digested 
with BamUl, Dra I, and Hindlll using the supplier's (New 
England Biolabs) recommended conditions, and Southern 
blotting analysis using the hyg gene as probe was carried out 
as described (19). 

Optimizing Conditions for Selection with Hyg. A concen- 
tration of Hyg (Calbiochem) 2-3 times higher than that 
required to reduce the survival of the nontransfected parental 
cell lines to <0.01% of the untreated control was determined 
empirically to be 30 fig/ ml for KMST-6-9, 100 /x,g/ml for 
XP20S(S V)-18, and 80 ptg/ml for XP2YO(SV)-65. The effect 
of cell density on the recovery of Hyg-resistant (HygO 
colonies was determined by plating each cell strain at 0.3 x 
10 6 to 2 x 10 6 cells per 100-mm diameter dish. Sixty Hyg r cells 
taken from recombinant colonies derived from the corre- 
sponding cell strain were added into half of the dishes and 
selection with Hyg was begun 24 hr later and continued for 
3 weeks, with fresh culture medium containing Hyg added 
every 5 days. Recovery was determined from the number of 
colonies formed, corrected for the spontaneous background. 
These reconstruction studies indicated that densities of 3 x 
10 s to 7 x 10 5 cells per dish were optimal. Electronic cell 
counting revealed that cell attachment ranged from 70% to 
95%. For each subsequent experiment this number was 



determined empirically at the time of carcinogen treatment to 
determine the number of target cells present. 

Determination of Rate of Spontaneous Recombination. The 
rate was determined using fluctuation analysis (20). For each 
assay, 10-20 parallel cultures of 300 cells were plated into 
small wells and propagated to 5 x 10 6 or 1 x 10 7 cells. 
Approximately 1 x 10 6 cells from each of these subcultures 
were plated at 5 x 10 5 cells per 100-mm diameter dish. 
Selection with the designated concentration of Hyg was 
begun after 18 hr. Representative colonies were isolated for 
further characterization. The rest were stained and the rate of 
recombination was calculated (21). 

Reconstruction Studies to Determine the Recovery of UV- 
Induced Recombinants. A lawn of each cell strain (5 x 10 5 
cells per dish) was plated into 20 dishes. Ten dishes of each 
set were seeded with 60 Hyg r cells from recombinant clones 
derived from the corresponding cell strain. The other 10 had 
only the lawn. One-half of each series was exposed to a dose 
of UV known to give 40-50% survival and, after 24 hr, the 
cells were selected with Hyg, After 3 weeks, the dishes were 
stained and the fraction of Hyg r cells recovered as colonies 
was determined. 

Assay for UV-Induced Cytotoxicity and Recombination. Ex- 
ponentially growing cells were plated at 5 x 10 5 cells per dish. 
Sufficient dishes were used for each dose so as to have 1.5 x 
10 6 surviving target cells. An extra set of cells plated at cloning 
densities was used to assay survival. The cells were irradiated 
as described (6) 15 hr later. Cells plated at low density were 
allowed 14 days to form macroscopic colonies, with one 
refeeding. The rest were selected with Hyg. After 3 weeks, 
clones were counted and representative recombinants were 
isolated for characterization. The frequency of recombination 
was determined from the number of Hyg r colonies corrected 
for the number of viable cells. The frequency of induced 
recombination was determined by subtracting the background 
frequency observed in the control population. 

Determination of Unscheduled DNA Synthesis. Cells were 
plated into two sets of 35-mm diameter dishes (at 1 x 10 5 cells 
per dish) and, after 24 hr, the medium was exchanged for 
culture medium containing or lacking hydroxyurea (10 mM). 
Then 30 min later the cells were rinsed with isotonic phos- 
phate-buffered saline and irradiated with 15 J/m 2 or not 
irradiated, refed with their respective medium supplemented 
with [ 3 H]thymidine (10 jtCi/ml, 80 Ci/mmol; 1 Ci = 37 GBq), 
and incubated at 37°C for 3 hr. The UV-induced incorpo- 
ration of [ 3 H]thymidine was determined (22) from the counts 
in the irradiated cultures compared to the control, taking into 
account the inhibitory effect of hydroxyurea on S-phase 
incorporation. As a second method, cells were seeded into 
dishes containing coverslips, irradiated with 15 J/m 2 after 24 
hr, and allowed to incorporate [ 3 H]thymidine for 3 hr. The 
coverslips were processed for autoradiography and analyzed 
automatically (23). 

RESULTS 

Construction and Characterization of the Human Cell 
Strains Containing the Recombination Substrate. The sub- 
strate used for previous studies on carcinogen-induced ho- 
mologous recombination (12, 13) contains duplicated copies 
of the (Htk) gene, and this requires that the host cells be 
thymidine kinase-deficient. To broaden the range of lines that 
could be employed in the study of the role of DNA repair in 
such recombination, we constructed a plasmid, pTPSN, 
containing duplicated copies of the dominantly acting hyg 
gene, each inactivated by an insertion/deletion mutation 
generating unique Hindlll sites (Fig. 1). The nature of these 
mutations makes reversion highly unlikely. The hyg genes are 
in direct-repeat orientation and flank the dominantly acting 
gene coding for G418 resistance (neo). pTPSN was linearized 
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Fig. 2. Southern blot analysis of genomic DNA from various 
transfectants to determine the number and integrity of the recombi- 
nation substrate. To determine the number of copies, the DNA was 
digested with BamHl (lanes A2, A5, B2, C2, and C5). To determine 
if the two hyg genes were intact, the DNA was digested with Dra I 
(lanes A3, A6, B3, C3, and C6). To see if the linker insert was 
present, the DNA was digested with Dra I and Hindlll (lanes A4, A7, 
B4, C4, and C7). As a control, DNA from nontransfected parental 
cells was digested with BamHl (lanes Al, Bl, and CI). Lanes: Al, 
KMST-6; A2-A4, KMST-6-9; A5-A7, KMST-6-19; Bl, XP20S(SV); 
B2-B4, XP20S(SV)-18; CI, XP2YO(SV): C2-C4, XP2YO(SV)-51; 
C5-C7, XP2YO(SV)-65. 

at its unique Cla I site to facilitate integration of the two hyg 
genes in the proper configuration and introduced into repair- 
proficient cell line KMST-6 and XP cell lines XP20S(S V) and 
XP2YO(SV). The frequency of G418 r transfectants per 1 x 
10 5 cells per fig of DNA was 11 for KMST-6; 9.8 ± 6.9 for 
XP20S(SV); and 8.1 ± 4.1 for XP2YO(SV). 

Representative G418 r transfectant cell strains from each 
parental line were isolated, tested for the ability to yield Hyg r 
recombinants, and analyzed by Southern blotting to deter- 
mine the number of copies of the plasmid and to examine the 
integrity of the hyg genes. As shown in Fig. 1, digestion with 
BamHl should produce a 2.2-kbp band and one or more larger 
junction fragments containing the other hyg gene. If only a 
single integrated copy of the substrate is present, one junc- 
tion fragment band will be seen; if two copies of the substrate 
have integrated at separate sites, there will be two junction 
fragments, etc. If the hyg genes are intact, digestion with Dra 
I should produce two bands (2.6 kbp and 2.9 kbp). Digestion 
with Dra I and Hindlll should produce a 1.7-kbp band, a 
1.4-kbp band, and a 1.2-kbp band composed of two frag- 
ments. The BamHl data suggested that KMST-6-9 and 
XP2YO(SV)-65 contain a single copy of the plasmid; KMST- 
6-1, XP20S(SV)-18, and XP2YO(SV)-51 have two copies; 
and KMST-6-19 has three copies. Digestion with Dra I 
showed that the hyg genes were intact in all of these strains 
except XP20S(SV)-18, which had an extra band, larger than 



the two expected bands. Digestions with Dra I and Hindlll 
indicated that all the hyg genes contained the Hindlll linker 
insertion mutation. Examples 1 of such analyses are shown in 
Fig. 2. The fraction of suitable G418 r transfectants from each 
of the human cell strains (i.e., having a low number of copies 
of the plasmid and productive for Hyg r colonies) was similar. 

Six of these suitable cell strains were further tested for their 
rate of spontaneous recombination by using fluctuation anal- 
ysis tests. The results are indicated in Table L The rates of 
spontaneous recombination per 1 x 10 6 cells per generation 
ranged from 2.1 ± 1.0 to 10.5 ± 3.0, with a mean value of 4.6 
for the KMST-6-derived cell strains, a value of 8.3 for 
XP20S(SV)-18, and a mean value of 6.5 for the XP2YO(SV)- 
de rived cell strains. 

Relative UV Sensitivity of the Cell Strains and Their Excision 
Repair Capacity. From each of the three parental cell lines, 
a transfectant cell strain with a low copy number of the 
substrate was chosen for study. Their sensitivity to UV was 
determined from loss of colony-forming ability. As shown in 
Fig. 3 Upper, the XP cell strains were significantly more 
sensitive to UV than the KMST-6-derived cells. The curve 
for the latter is comparable to that of diploid fibroblast cell 
lines derived from normal persons (5-7). 

The relative capacity of these cell strains to carry out 
UV-induced unscheduled DNA synthesis was compared using 
two methods. The extent of UV-induced incorporation of 
[ 3 H]thymidine (dpm per 1 x 10 5 cells) was 70 x 10 3 for 
KMST-6-9 cells, 7 x 10 3 for the XP2YO(SV)-65, and 11 x 10 3 
for the XP20S(SV)-18 cells. The mean numbers of silver 
grains observed per nucleus were consistent with these results 
(i.e., 35.2 ± 9.1, 8.2 ± 4.8, and 7.1 ± 4.9, respectively). 

Optimization of Conditions for Measuring the Frequency of 
UV-induced Recombination. Cells from each cell strains were 
plated, irradiated with doses giving 40% survival, and se- 
lected with Hyg after various expression periods. The results 
(data not shown) indicated that selection could be started as 
early as 12 hr after treatment or as late as 48 hr. Therefore, 
a 24-hr expression period was used. Reconstruction studies 
to determine the recovery of recombinants under the exper- 
imental conditions involving UV indicated that, when the 
fraction of cells that attached (70%-95%) was taken into 
account, recovery was 100%. Reconstruction studies also 
showed no difference between Hyg-sensitive cells and Hyg r 
cells in sensitivity to UV. 

Frequency of Homologous Recombination Induced by UV 
Radiation. As shown in Fig. 3, the XP cell strains exhibited 
a dose-dependent increase in the frequency of Hyg r recom- 
binants at low doses (i.e., 0.1-1.0 J/m 2 ); the excision repair- 
proficient KMST-6-9 cell strain required 10- to 20-fold higher 
doses of UV radiation to exhibit comparable increases in 
recombination. These results suggest that unexcised DNA 
damage induced by UV radiation, rather than the nucleotide 



Table 1. Rate of spontaneous recombination in various cell strains 




G418 r 


Plasmid 


Recombination 




Cell 


transfectants 


copy 


per 1 x 10 6 cells 


Hyg, 


donor 


tested 


number 


per cell generation 


/xg/ml 


Normal 


KMST-6-1 


2 


2.8 


75 




KMST-6-9 


1 


2.1 ± 1.0* 


50 




KMST-6-19 


3 


9.9 


75 


XP group A 


XP20S(SV)-18 


2 


8.3 ± 1.1 


100 


XP group F 


XP2YO(SV)-51 


2 


10.5 ± 3.0 


100 




XP2YO(SV)-65 


1 


2.5 ± 2.4t 


100 



G418 r transfectant cell strains yielded Hyg r clones and, therefore, were tested for rate. Recombi- 
nation values have not been divided by the plasmid copy number. 

♦This value takes into account that recombinants of this particular cell strain exhibited 70% survival 
at a Hyg concentration of 50 /xg/ml. 

tThis value takes into account that recombinants of this cell strain exhibited 95% survival at a Hyg 
concentration of 100 fig/ml. 
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excision repair process per se t stimulates homologous re- 
combination. 

Characterization of Recombination Products. The types of 
recombination products induced by UV in these cells were 
compared with the spontaneous recombination products. For 
KMST-6-9 and XP2YO(SV)-65 cells, which contain only a 
single copy of the plasmid, the ratio of gene conversions to 
single reciprocal exchanges can be determined by assaying 
the recombinants for G418 resistance. A single reciprocal 
exchange results in a single wild-type copy of the hyg gene 
and loss of the neo gene (Fig. 4 Upper). In contrast, a gene 
conversion event preserves the hyg gene duplication and the 
neo gene. Results of the biological assay with these two cell 
strains suggested that all of the events involved gene con- 
version. To confirm the bioassay in single-copy strains and to 
determine the ratio of gene conversion to reciprocal exchange 
in multicopy strains, Southern blot analysis was performed. 
The results (Table 2 and Fig. 4) showed that all but one of the 
events involved gene conversions. In general, except for 
strain XP2YO(SV)-65, there was a bias toward conversion of 
the Pvu I mutant gene in both the spontaneous and the 
UV-induced gene conversion. 

DISCUSSION 

We have investigated the role of UV-induced DNA damage 
and nucleotide excision repair in intrachromosomal homol- 
ogous recombination, using a cell strain with a normal 
capacity for nucleotide excision repair and two repair- 
deficient XP cell strains representing complementation 
groups A and F. 

Six cell strains with low copy numbers of intact substrate 
were tested by fluctuation analysis to determine rates of 
spontaneous recombination. The rates for the three XP 
strains did not differ significantly from the rates for the 
normal strains (Table 1), indicating that the repair deficien- 
cies in these XP cell strains had no detectable effect on the 

DOSE UV <J/m 2 ) 
2 4 6 8 




2 4 6 8 
OOSE UV (J/m 2 ) 

Fig. 3. Cell killing {Upper) and induction of recombination 
(lower) as a function of UV dose. Triangles, XP20S(SV)-18; 
squares, XP2YO(SV)-65; circles, KMST-6-9. (Upper) Data (0 from 
experiments in which only the cytotoxic effect of U V was measured 
as well as (ii) from the survival results from the recombination assays 
(Lower). Background frequencies have been subtracted. These val- 
ues per 1 x 10* cells were as follows: 31 (a), 34 (a), 9.4 (a), 28 (c), 
43 (□), 5,6 (©), 22 (©), 30.6 (O). 



spontaneous rate of intrachromosomal recombination. In 
addition, these results support the hypothesis that spontane- 
ous recombination does not result from the presence of DNA 
damage that resembles the lesions induced by UV. Further- 
more, the types of recombination products (i.e., gene con- 
version versus reciprocal exchange) recovered from normal 
and XP cells were similar. 

In concluding that the DNA repair deficiencies of the XP 
cell strains did not affect the types of recombination products 
obtained, it must be pointed out that in the present study, 
essentially all the hyg gene recombinants had patterns con- 
sistent with gene conversion (Table 2). In contrast, in studies 
of spontaneous (16, 20) or carcinogen-induced intrachromo- 
somal homologous recombination (12, 13) using mouse L 
cells containing a plasmid with duplicated copies of the Htk 
gene, the ratio of gene conversion events to single reciprocal 
exchanges between the Htk genes was 85:15. This difference 
may reflect the difference in cell strains or in recombination 
substrates or an inability to recover the reciprocal recombi- 
nation product. In reciprocal recombinants, the hyg gene 
lacks the neo gene enhancer, and it is possible that the level 
of hyg expression in such recombinants is inadequate. The 
possibility that lower ievels of expression are responsible for 
the observed low frequency of reciprocal recombinants with 
hyg genes is strengthened by results using the Htk gene as a 
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Fig. 4. Southern blot analysis of DNA from various Hyg r re- 
combinants and their corresponding Hyg-sensitive cell strains to 
determine the type of recombinational product. (Upper) Kinds of 
recombination products generated by gene conversion or reciprocal 
exchange. Abbreviations are as in Fig. 1. (Lower) Southern blot 
analysis. Lanes: 1-4, KMST-6-1 and three of its recombinants; 5-7, 
KMST-6-9 and two of its recombinants; 8 and 9, XP20S(SV)-18 and 
one of its recombinants; 10-12, XP2YO(SV)-65 and two of its 
recombinants. The DNA in the first lane of each set was digested with 
Dra I, and that in each of the other lanes of a set was digested with 
Dra I and Hindlll to determine which mutant hyg gene was con- 
verted to wild type (//mdlll resistant). 
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Table 2. Molecular characterization of independent spontaneous and UV-induced Hyg r 



recombinants from each cell strain 


Cell 
' strain 


No. of 
recombinants 
tested 


Gene conversion, no. 
Pvu I mutant Sac II mutant 


Single 
reciprocal 
exchange, no. 


^ ivin t nnf*m i c * 
OpUlllallCUUa 












5 




2 


1 


KMST-6-9 


11 


5 


6 


0 






6 


0 


0 


XP20S(SV)-18 


11 


10 


1 


0 


XP2YO(SV)-51 


9 


9 


0 


0 


XP2YO(SV)-65 


6 


a 


6 


0 


Total 


48 


32 (67%) 


15 (31%) 


1(2%) 


UV-induced^ 










KMST-6-9 


12 


2 


10 


0 


XP20S(SV)-18 


15 


15 


0 


0 


XP2YO(SV)-65 


5 


4 


1 


0 


Total 


32 


21 (66%) 


11 (34%) 


0(0%) 



Each spontaneous recombinant was isolated from an independent subpopulation derived from 
fluctuation tests. Each UV-induced recombinant was isolated from an independent population given the 
highest UV dose. Values in parentheses are percentage of total. A gene conversion in a Pvu I mutant 
is detected as a 2,9-kbp Dra I fragment; a gene conversion in a Sac II mutant is detected as a 2.6-kbp 
Dra I fragment. 



substrate for intrachromosomal recombination in human 
cells showing that reciprocal-exchange products are found in 
10% of the total spontaneous and UV-induced recombinants 
in both repair-proficient and -deficient strains (24). 

XP cell strains exhibited a significant dose-dependent 
increase in the frequency of recombinants at low UV doses. 
With the normal cells, a 10- to 20-fold higher UV dose was 
required for a comparable increase in frequency. Of rele- 
vance, these normal cells exhibited a 10-fold higher rate of 
UV-induced unscheduled DNA synthesis (repair synthesis) 
than the XP cells. These data suggest that the excision repair 
functions that are defective in the XP cells are not required 
for UV-stimulated homologous recombination and support 
the conclusion that intrachromosomal recombination is stim- 
ulated by persistent UV-induced lesions. Such stimulation 
could be due to discontinuities in daughter-strand DNA near 
the site of the UV-induced lesions that could provide a 
substrate for initiating recombination. Our data for intra- 
chromosomal recombination are consistent with extrachro- 
mosomal recombination studies showing that the frequency 
of recombination among UV-irradiated infecting virus is 
higher in excision repair-deficient human cells than in repair- 
proficient cells (25). DNA damage can enhance DNA- 
mediated transformation of human cells (26-29), but not 
rodent cell lines (29), probably by increasing the chance of 
integration of the transfected DNA. Therefore, it appears that 
persistent DNA damage can influence both homologous and 
nonhomologous recombination in human cells. 

Finally, since mitotic recombination between homologous 
chromosomes can lead to homozygosity of recessive onco- 
genes, the results of our study suggest that the increased risk 
of certain malignancies in individuals with XP could reflect 
increased recombination after DNA damage. 

We thank Dr. H. Takebe for the XP cell lines, Dr. M. Namba for 
the KMST-6 cell line, and Dr. J. Smiley (Department of Pathology, 
McMaster University, Hamilton, Ontario, Canada) for pTK173. We 
thank our colleague Dr. N. P. Bhattacharyya for helpful advice 
during the work and Mr. N. Davis for excellent technical assistance. 
This research was supported in part by Grants CA21253 CA48066, 
P01-CA39238, and GM32741 from the National Institutes of Health. 
A.R.G. was supported by a National Science Foundation Graduate 
Fellowship. 

1. Robbins, J. H., Kraemer, K. H., Lutzner, M. A.. Hestoff, B. W. & 
Coon, H. G. (1974) Ann. Intern. Med. 80, 221-248. 



2. Hanawalt, P. C, Cooper, P. K., Ganesan, A. K. & Smith, C. A. 
(1979) Annu. Rev. Biochem. 48, 783-836. 

3. Maher, V. M. t McCormick, J. J., Grover, P. L. & Sims, P. (1977) 
Mutat. Res. 43, 117-138. 

4. Andrews, A. D., Barrett, S. F. & Robbins, J. H. (1978) Proc. Natl 
Acad. ScL USA 75, 1984-1988. 

5. Maher, V. M., Dorney, J., Mendrala, A. L., Konze-Thomas, B. & 
McCormick, J. J. (1979) Mutat. Res. 62, 311-323. 

6. Patton, J., Rowan, L. A., Mendrala, A. L., Howell, J. N., Maher, 
V. M. & McCormick, J. J. (1984) Photochem. Photobiol. 39, 37-42. 

7. Maher, V. M., Rowan, L. A., Silinskas, C, Kateley, S. A. & 
McCormick, J. J. (1982) Proc. Natl. Acad. Set. USA 79, 2613-2617. 

8. Barbacid, M. (1987) Annu. Rev. Biochem. 56, 779-827. 

9. Cavanee, W. K., Dryja, T. P., Phillips, R. A., Benedict, W. F,, 
Godbout, B., Gallie, B. L., Murphree, A. L. t Strong, L. C. & 
White, R. L. (1983) Nature (London) 305, 779-784. 

10. Cavanee, W. K., Koufos, A. & Hansen, M. F. (1986) Mutat Res. 
168, 3-14. 

11. James, C. D., Carlbom, E., Nordenskjold, M., Collins, V. P. & 
Cavanee, W. K. (1989) Proc. Natl. Acad. Set. USA 86, 2858-2862. 

12. Wang, Y., Maher, V. M., Liskay, R. M. & McCormick, J. J. (1988) 
Mot. Cell. Biol. 8, 196-202. 

13. Bhattacharyya, N. P., Maher, V. M. & McCormick, J. J. (1989) 
Mutat. Res. 211, 205-214. 

14. Wagner, M. J., Sharp, J. A. & Summers, W. C. (1981) Proc. Natl. 
Acad. Set. USA 78, 1441-1445. 

15. Raster, K. R., Burgett, S. G., Rao, R. N. & Ingolia, T. D. (1983) 
Nucleic Acids Res. 11, 6895-6911. 

16. Liskay, R. M., Stachelek, J. L. & Letsou, A. (1984) Cold Spring 
Harbor Symp. Quant. Biol. 49, 183-189. 

17. Namba, M., Nishitani, K., Hyodoh, F., Fukushima, F. & Kimoto, 
T. (1985) Int. J. Cancer 35, 275-280. 

18. Yagi, T. & Takebe, H. (1983) Mutat. Res. 112, 59-66. 

19. Hurlin, P. J., Maher, V. M. & McCormick, J. J. (1989) Proc. Natl. 
Acad. Sci. USA 86, 187-191. 

20. Letsou, A. & Liskay, R. M, (1986) in Gene Transfer, ed. Kucherla- 
pati, R. (Plenum, New York), pp. 383-409. 

21. Cappizzi, R. L. & Jameson, J. W. (1972) Mutat. Res. 17, 147-148. 

22. Grossmann, A., Maher, V. M. & McCormick, J. J. (1985) Mutat. 
Res. 152, 67-76. 

23. Sato, K., Ikenaga, M., Yoshikawa, K, & Kondo, S. (1986) Pho- 
tomed. Photobiol. 7, 33-34. 

24. Bhattacharyya, N. P., Maher, V, M. & McCormick, J. J. (1989) /. 
Cell Biochem. Suppl. 13B, 14 (abstr.). 

25. Dasgupta, U. B. & Summers, W. C. (1980) Mol. Gen. Genet. 178, 
617-623. 

26. Spivak, G., Ganesan, A. K. & Hanawalt, P. C. (1984) Mol. Cell. 
Biol. 4, 1169-1171. 

27. Leadon, S. A., Ganesan, A. K. & Hanawalt, P. C. (1987) Plasmid 
18, 135-141. 

28. van Duin, M„ Westerveld, A. & Hoeumakers, J. H. J. (1985) Mol. 
Cell Biol 5, 734-741. 

29. Vos, J.-M. H. & Hanawalt, P. C. (1989) Mutat. Res. 220, 205-220. 



EXHIBIT 2 



Somatic C til and Mo 'tecular Generic;. Yot. 17. So. S. 1991. pp. ±63— 69 



Kinds and Locations of Mutations Arising Spontaneously in the 
Coding Region of the HPRT Gene of Finite^Life-Span Diploid 
Human Fibroblasts 

W. Glenn McGregor, Veronica M. Maher, and J. Justin McCormick 

Carcinogenesis Laboratory — Fee Hail Department of Microbiola& and Department of Biochemistry, Michigan State 
University, East Lansing, Michigan J8824-1316 

Received 22 April 1991— Final U June 1991 



Abstract — Spontaneous thioguanine- resistant mutants were derived from populations of finite-life- 
span, diploid human fibroblasts by means of a fluctuation analysis. cDNA was prepared from 
mutant HPRT mRNA and amplified by the polymerase chain reaction, and the sequence of the 
product was analyzed Exon deletions, which very likely arose from mutations in the intron splice 
site consensus sequences, were found in 10 of the 37 mutants examined (27% of the total). Among 
the 28 mutations in the coding sequence, base pair substitutions predominated (89%). With the 
exception of one base pair involved in a tandem mutation, all base pair substitutions resulted in 
alterations in the predicted amino acid sequence of the protein, In addition there were three 
frameshift mutations, consisting of the deletion of one or two base pairs. Although mutations 
occurred throughout the coding sequence, 50% (14/28) were found in the 5' portion of exon 3. 



INTRODUCTION 

Populations of diploid human fibro- 
blasts in culture exhibit a mutation race at the 
X-Iinked hypoxanthine (guanine) phosphori- 
bosyl transferase (HPRT ) locus of approxi- 
mately 6 per 10 6 cells per ceil generation (1). 
These mutations, which are designated spon- 
taneous mutations because they occur in the 
absence of any known mutagenic agent, arise 
as a result of endogenous damage to DNA, 
e.g., deamination of cytosine, or errors 
introduced into the genome during the 
process of DNA synthesis. Attention recently 
has been focused on spontaneous mutations 
aenerated during cell replication because 
these may be implicated in the pathogenesis 
of human cancer (2-4). Yet knowledge of the 
nature of such spontaneous mutations in 



'endogenous genes of mammalian cells or of 
the molecular mechanisms that result in such 
mutations is still limited. 

Molecular genetic analysis of spontane- 
ous mutagenesis in such cells began with the 
study of exogenous genes that have been 
integrated into the genome of rodent cell 
lines (5-7). Gross alterations, i.e., deletions 
and insertions, were the most abundant kind 
of mutations observed in those assays. DNA 
sequence analysis of spontaneous mutations 
arising in an endogenous mammalian gene 
has been reported from the laboratory of 
Glickman (8) and Meuth (9, 10). These 
investigators examined the endogenous ade- 
nine phosphoribosyltransferase (apn) locus 
of an infinite-life -span rodent cell line (CHO), 
utilizing restriction digest subcloning strate- 
gies or polymerase chain reaction (PCR) 
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amplification of genomic DNA to obtain 
mutant DNA for sequence analysis. Their 
studies showed that the mutations were 
primarily base pair substitutions. However, 
the mutational spectra found in the two 
laboratories did not agree with each other. In 
particular, one position at which 23% of the 
base pair substitutions were located in a 
study of 30 mutants (8) was not found to be 
altered in two other studies, which examined 
a total of 120 mutants (9, 10). 

Before the advent of the PCR tech- 
nique, which allows exponential amplifica- 
tion of a specific sequence with known 
flanking regions, it was not feasible to 
determine the nature of the mutations 
arising spontaneously during extended cell 
replication in finite-life-span cells. This is 
because the number of population doublings 
required for a fluctuation analysis test (11), 
followed by expression of G-thioguanine 
(TG) resistance and the formation of a 
macroscopic clone, brought the cells of 
interest to near the end of their in vitro 
life-span. The cells usually could not repli- 
cate a sufficient number of additional genera- 
tions to provide the large number of cells 
required for genomic DNA or RNA extrac- 
tion. However, Yang et al. (12) described a 
method using PCR to amplify cDNA comple- 
mentary to mutant HPRT raRNA directly 
from the lysate of a very small number of 
such cells (100-200). This method has been 
used to analyze the nature of mutations 
induced by various agents in the coding 
region of the endogenous HPRT locus of 
diploid human fibroblasts (13-16). In the 
current study we report the results of DNA 
sequence analysis of the coding region of the 
HPRT gene of 37 independent TG-resistant 
mutants that arose in populations of fibro- 
blasts that had been expanded 2 t5 -foId in a 
fluctuation analysis test (11). Ten mutants 
were missing an exon; three had a deletion of 
one or two base pairs; 23 had a single base 
pair substitution; and one had a tandem 
substitution. The base substitutions were all 
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types except A • T T * A. No single pre- 
dominant mechanism could explain the types 
of changes seen. The results provide a data 
base for comparison with induced mutational 
spectra at this locus. 



MATERIALS AND METHODS 

Ceils and Culture Conditions. A finite- 
life-span diploid human fibroblast cell line 
explanted from neonatal foreskin (17), desig- 
nated SL89, was used for generating and ; 
selecting TG-resistant cells. Early passage 
cells were used and were routinely cultured 
in a modified MCDB-110 medium (18) 
containing 10% supplemented bovine calf 
serum (Hyclone, Logan, Utah) (culture 
medium). For selection of TG-resistant cells, 
the same medium, but lacking adenine and 
containing 5% fetal bovine serum, 5% 
supplemented calf serum, and 40 u,M TG 
was used (selection medium). Cell culture 
rooms and hoods were illuminated with 
yellow lights to avoid induction of DNA 
lesions. 

Generation and Selection of TG-Resistant 
Cells. Each spontaneous TG-resistant clone 
was obtained by establishing a series of 
independent cultures of 10 3 ceils each and 
allowing these cells to replicate through 15 
population doublings to yield -3 x 10 7 cells. 
In selection medium 1 x 10 6 cells from each 
culture were reseeded at 500 cells/cm 2 , and 
the cloning efficiency of the cells was also 
determined by plating at low density. When 
macroscopic TG-resistant colonies had devel- 
oped 14 days later, these were located and 
isolated. Since the cells in each clone had 
undergone about 40 population doublings 
since the beginning of the fluctuation test 
assay, their ability to be expanded further . 
was limited. Therefore, HPRT cDNA was 
amplified directly from lysates of the cells in 
each individual clone. 

Synthesis of First-Strand cDNA Directly 
from mRNA in Cells. Clones, consisting of 
100-500 cells, were trypsinized and sus- 
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pended in 0-5 ml ice-cold, RNase-free phos- 
phate-buffered saline, pH 7.4, and centri- 
fuged in an RNase-free 0.5-ml Eppendorf 
rube for 10 min at 4°C. The supernatant was 
removed, and the cell pellet was resuspended 
in 5 y,i of the cDNA cocktail described by 
Yang et al. (12). The reverse transcriptase 
reaction was performed at 37°C for 1 h to 
allow the cell membranes to be lysed by 
detergent and first-strand cDNA to be 
synthesized from total cytoplasmic poIy(A) 
mRNA. 

Amplification of HPRT cDNA and DNA 
Sequencing. The experimental conditions, op- 
timized for preparing second-strand HPRT 
cDNA, amplifying the cDNA 10 ll -fold using 
two sets of primers and two PCR stages of 30 
cycles each, and sequencing the products 
directly using three sequencing primers and a 
modified Sanger dideoxynucleotide proce- 
dure have been described (12). 

RESULTS AND DISCUSSION 

Mutant Frequency, A population of dip- 
loid human cells, with a background fr?^ 
quency of TG-resistant cells of less than 1 x 
10~ 5 was distributed into sue independent 
cultures composed of-10 3 cells/35-mm dish, 
and the cells were propagated through 15 
population doublings to approximately 3 x 
10 7 cells/culture. The probability that an 
initial culture of 10 3 cells contained a 
preexisting background mutant was less than 
1/100. At the end of the expansion, 10* cells 
from each culture were assayed for TG 
resistance. The mutant frequency observed 
was 5.5 ± 5/10 6 clonable cells (range 
1.1-14.0). The cloning efficiency ranged from 
42% to 60%. 

Nucleotide Sequence Alterations. Table 1 
lists the kinds of mutations observed and 
their locations in the coding sequence of the 
human HPRT gene. Among the 37 mutants 
sequenced, 10 (27%) exhibited a missing 
exon. Although there are no published 
studies of the DNA sequence of spontaneous 



HPRT mutants in human cells for direct 
comparison, the proportion of missing exons 
among spontaneous apn mutants In the 
rodent CHO cell line has been reported to 
range from 10% (15/150) (19) to 100% (3/3) 
(20). A recent analysis of spontaneous APRT 
mutants in a human colon cancer cell line 
(SW620) indicated that 20% (6/30) had 
splice site alterations (21). In addition, 
among HPRT mutants induced by UV light in 
populations of human fibroblasts, 26% had 
missing exons (16). The relatively high 
proportion of missing exons found in these 
studies may reflect, to some extent, the 
stringency of selection with purine analogs, 
but splicing errors are likely to be important 
in spontaneous and induced mutagenesis. 
The molecular nature of the mutations 
responsible for these missing exons was not 
evaluated in the present study since we have 
analyzed the sequence of the coding region, 
but such missing exons are likely to have 
resulted from point mutations in the splice 
site consensus sequences, rather than from 
large deletions within the gene. This assump- 
tion is supported by the fact that among 150 
aprt mutants arising spontaneously in popula- 
tions of CHO cells, all of the mutations found 
were either in the coding region or in the 5' 
splice sites when the genomic DNA of that 
locus was sequenced (19). 

Among the 27 mutants in our study that 
exhibited a mutation in the coding sequence, 
three contained a deletion of one or two base 
pairs, and the rest contained base substitu- 
tions, mainly single base substitutions. At 
least two of these deletions might have 
resulted from strand slippage during DNA 
replication, since the surrounding sequences 
contained two base pair repeats (22). Such 
structures were also found to flank deleted 
sequences in spontaneous aprt mutants that 
arose in rodent cells (19). 

The 24 mutants analyzed that exhibited 
base pair substitutions included a tandem 
alteration, for a total of 25 substitutions. All 
but one base substitution, iri a mutant that 



466 



McGregor et al. 



Table 1. Kinds and Locations of Mutations Arising Spontaneously in Coding Region oiHPRT Gene of 

Finite-Life-Span Human Fibroblasts 



Mutant 



Position 



Exon 



Type of 
mutation 



5; - 3' 
Surrounding 
sequence 



Amino acid 
change 



I. Base substitutions 



SP27 

SP4 

SP9 

SP35 

SP30 

SP7 

SP20 

SP21 

SP22 

SP26 

SP6 

SP29 

SP1 

SP16 

SP19 

SP36 

SP12 

SP18 

SP8 

SP11 

SP24 

SP10 

SP33 

. SP5 
II. Deletions 
SP15 
SP17 



106 

142 

178 

178 

186 

193 

193 

193 

197 

197 

202 

220 

221 

226 

231 

242 

364 

470 

471 

471 

473 

494 

498 1 

499 J 
586 

272 
438 
439 
564 



tandem 



SP23 

III. Putative splice site mutations 
Mutant Missing exon 



SP3 
SP28 
SP31 
SP2 



3 
6 
6 
8 

Mutant 

SP-32 
SP-34 
SP-37 



TA — • 
CG- 
GG- 
GG-> 
TA-* 
OC- 
CG- 
GG- 
GC- 
G-C- 
CG^ 
T-A- 
T-A- 
G-C-h 
OG- 
AT-h 
CG- 
T-A- 
GC- 
GC- 
T*A - 
T*A - 
AT - 
AT - 
AT- 



CG 
A-T 
T-A 
T-A 
GC 
T-A 
T-A 
T*A 
CG 
CG 
-TA 
CG 
CG 

► AT 

► G-C 

* CG 
-TA 

► CG 

* A-T 

• T-A 
*CC 

• G-C 
*G*C 
*GC 
*<3-C 



G Deletion 
^[Deletion 
T Deletion 

Mission exon 



GTGTTTATT 
GAA CGT CTT 
GGC CAT CAC 
OGC CAT CAC 
CAC ATT GT A 
GCCCTCTGT 
GCCCTCTGT 
GCC CTCTGT 
CTCTGT GTG 
CTCTGT GTG 
GTG CTC AAG 
AAATTCTTT 
AAA TTCTTT 
TTTGCT GAC 
GCTTjAC CTG 

gattaCatc 
gatcfctca 
aagatggtc 
aagaTggtc 
aag atg gtc 
atg gtc aag 

CTG GTG AAA 
AAA AGG ACC 
AAA AGG ACC 
TATAATGAA 

GATAGATCC 
TTG CTT TCC 
TTTGTTGTA 

Mutant 

SP-13 
SP-14 
SP-25 



Phe -> Leu 
Arg — Ser 
His-Tyr 
His-+Tyr 
He — Met 
_Leu — Phe 
Leu -* Phe 
Leu -* Phe 
Cys — Ser 
Cys -* Ser 
Leu — Phe 
Phe — Leu 
Phe Ser 
AJa-*Thr 
Asp — Glu 
Tyr-+Ser 
Leu — Phe 
Met -*Thr 
Met He 
Met — He 
Val — Ala 
Val — Gly 
No Change 
Arg — Gly 
Asn Asp 

Frameshift 
Frameshift 
Frameshift 

Missing exon 

8 
8 
8 



had two base substitutions in tandem, re- 
sulted in an alteration in the predicted amino 
acid sequence of the protein. As listed in 
Table 2 all types of substitutions except 
A - T — » T • A transversions were observed, 
but transitions predominated, accounting 
for 68% of the substitutions. Transitions 
were also the most abundant type of sponta- 
neous mutation in the rodent cell apn 
gene, accounting for 61% (19) to 79% (8) of 
the total number of substitutions. Among 
transitions and transversions observed in the 



present study, the mutations were more 
likely to involve G • C than A • T base pairs 
(ratio 56:44). In the apn locus of rodent cell 
lines, bias toward spontaneous mutations 
involving G * C base pairs was even greater, 
i.e., 75% (10) to 93% (8) of the total number 
of base substitutions. 

Several mechanisms have been sug- 
gested to account for the observed base 
substitutions, including deamination of 5'- 
methylcytosine or cytosine, oxidative dam- 
age, depurination and depyrimidination, and 
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Table 2. Types of Base Substitutions Arising 
Spontaneously in Coding Region of HPRT Gene of 
Diploid Human Fibroblasts 

Type of base Number of base 
substitution substitutions' 

Transitions 

G-C-A-T 9(36) 

AT - GC 8 (32) 

Transversions 
G-C-T-A 2(8) 
O'C-CG 3(12) 
AT-OG 3(12) 
A-T-TA 0(0) 
Total 25 (100) 

•Numbers in parentheses represent the percentage of 
the total number of base substitutions in each class of 
mutations. 

'includes one tandem mutation. 



errors introduced by DNA polymerases 
during DNA replication. It is unlikely that 
deamination of 5'-methyIcytosine is involved 
in spontaneous mutagenesis ft the human 
HPRT locus, since the mutations we ob- 
served did not occur at CpG methylation 
sites, and furthermore the active HPRT gene 
is only slightly methylated (23). Deamination 
of cytosine to yield uracil would result in G ■ 
C A * T transitions if subsequent rounds of 
DNA replication occurred before the uracil 
was removed by mismatch repair processes 
or uracil glycosylase. de Jong et al. (8) 
suggested that the relatively low level of the 
latter enzyme in the CHO cell line they 
studied accounts for the high proportion 
(22/28, 79%) of G * C - A ■ T transitions 
found in the spontaneous base substitutions 
they analyzed. However, Phear et al. (10), 
using the same CHO cell line, found a much 
lower percentage of such transitions (22/55, 
40%) among base substitutions in the sponta- 
neous mutants in their study. Therefore, 
factors other than a low level of uracil 
glycosylase must be invoked to explain the 
high proportion of G • C A • T transitions 
found by de Jong et al. (8). In the present 
study of human cells, which presumably have 
normal levels of uracil glycosylase, we also 



found 36% of the base substitutions to be G • 
C-A-T. 

Oxidative damage to DNA is another 
possible mechanism of spontaneous mutagen- 
esis. Substances that produce superoxide- 
free radicals have been shown to be muta- 
genic (24, 25), and such free radicals are 
produced by a variety of cellular metabolic 
processes. One of the primary products of 
oxygen-free radical reaction with DNA is 
8-oxoguanine (26), and in vitro studies 
showed that mammalian DNA polymerases 
selectively insert adenine across from such 
lesions (27), resulting in a G * A mispair. 
Targeted G • C -* T • A transversions, which 
would result from such mispairing, have been 
found to be the predominant base substitu- 
tion in 8-oxoguanine-substituted plasmids 
that replicated in £. coli (28). In contrast, 
when single-stranded M13 DNA was ex- 
posed to an oxygen-free radical generating 
system and allowed to replicate in SOS- 
induced £. coli, a variety of base substitutions 
were found (29). These primarily consisted 
of transversions involving guanine residues 
(56%, 50/87), but a significant number of G • 
C A * T transitions were also found (23%, 
20/87). It is difficult to assess the degree to 
which oxidative damage contributed to the 
kinds of mutations found in the present 
study, but the small number of transversions 
would suggest a limited role. 

Depurination has been estimated to 
occur frequently, on the order of 2 x 10 4 
bases per cell per day, and depyrimidination 
approximately 10 times less frequently (30). 
Although highly efficient repair processes 
exist to recognize, incise, and repair apurinic- 
apyrimidinic sites (AP) sites, it is estimated 
that approximately one site per cell per day 
escapes repair and represents a potentially 
mutagenic lesion (31). Studies of the replica- 
tion of plasmid DNA by £. coli suggest that 
preferential insertion of dAMP across from 
an AP site occurs (32, 33). This would result 
in transversion mutations (G • C -* T * A 
and A ■ T -* T • A) in the case of depurina- 
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tion, and a transition mutation (G ■ C — ► 
A-T) in the case of depyrimidination. 
Transversions contributed to a minority of 
the mutations in the present study, suggest- 
ing a minor role for depurination. G • C -+ A 
• T transitions were the most common type of 
base substitution found, raising the possibil- 
ity that depyrimidination played a role. 

The fidelity of DNA polymerases may 
also contribute to the process of spontaneous 
mutagenesis. Although the error rates mea- 
sured in vitro are far greater than those in 
vivo, results from a number of laboratories 
(summarized in 34) show that the moit 
frequent errors are single base substitutions 
and that transitions are more common than 
transversions. This suggests that the muta- 
tions found in our present study primarily 
reflect errors introduced by the DNA poly- 
merases during replication of the HPRT 
gene. 

Several groups have studied spontane- 
ous mutations arising in exogenous DNA 
integrated into the chromosomes of mamma- 
lian cells. In each case the predominant 
mutations were deletions of varying sizes 
(5-7). Since the exogenous sequences were 
intact when stably integrated, the predomi- 
nance of deletion mutations, including elimi- 
nation of the entire exogenous DNA se- 
quence, indicates that cells handle such 
sequences differently from endogenous genes. 

Although we found base pair alterations 
to be distributed throughout exons 2-8 of the 
HPRT gene, they were especially likely to 
occur in a 64-bp region located in the 5' 



portion of exon 3 (Figure 1). This region, 
from position 178 to 242, contained 50% 
(14/28) of the mutations detected in the 
coding region, but comprised only 10% of the 
coding sequence. It is possible that alter- 
ations in this region of the human HPRT 
gene are particularly likely to affect protein 
function and, therefore, would be overrepre- 
sented among cells selected for resistance to 
TG. However, a highly conserved sequence 
in exons 4-5, composed of 60 bp, which 
contains a putative catalytic domain (35), 
had only one mutation in the present study. 
Furthermore, mutations induced by UV light 
give an entirely different spectrum (16), i.e., 
are not concentrated in the 5' half of exon 3. 

In summary, we have presented data on 
the kinds and locations of mutations that 
arose spontaneously in the coding region of 
the human HPRT gene. Although no single 
mechanism emerges to explain the data, the 
analysis of the spectrum of spontaneous 
mutations will be useful for comparison with 
mutational spectra induced by chemical and 
physical agents. 
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EXHIBIT 3 



even on termini capped by a stretch of non-telomeric DNA 
involves recombination, especially if the last few bases of the 
substrate are able to pair with C UJ A sequence. Alternatively if 
telomerase " exists in Saccharomyces and if it can use a sub- 
strate in which the telomeric sequences are subterminal, it could 
mediate those telomere formation events that do not involve 
recombination. 

Our results indicate that telomere formation in yeast is accom- 
panied by telomere-telomere recombination. This recombina- 
tion requires surprisingly little homology, perhaps because it is 
a site-specific event promoted by the ability of telomere DNA 
to assume non-B form structures involving triplex or quadruplex 
wocnttou*" orG-G"-" or C-C base pau^g^ The junction 
between telomenc and unique sequence DNA, an apparent hot 
spot of recombination in vivo, also acts as a boundary for Klenow 
DNA polymerase and SI nuclease in vitro 17 - 1 *. Although the 
data here and elsewhere 4 do not rule out alternative pathways 
for telomere formation in yeast, telomere-telomere recombina- 
tion p rovides an efficient mechanism for i mmediate rescn? <>f 
DNA termini with very short stretches of telomere DNA. In 
contrast, other events that alter telomere length in yeast do so 
gradually such that many generations are needed to see a change 
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FIG. 3 Model for telomere formation by recombination. Different telomeric 
repeat sequences (thin-line hatched box) can promote telomere formation 
in yeast by serving as substrates for the addition of yeast C, 3 A repeats 
(th.ck.| t ne hatched box). In both cases, the C-rich strand is marked with 5* 
and the G-nch strand is marked with 3'. Only one terminus of either a linear 
plasm.d or a chromosome Is shown, a. After replication of the plasmid in 
yeast and removal of the RNA primer, a single-strand tail is left at the 3' 
end of the newly repliciated strand (represented by the unpaired thin-line 
hatched box). 6. The 3' OH end of the single-strand G-rich tail invades another 
telomere (donor, represented by thick-line hatched box). At the donor end 
most (or all) recombination events are initiated (or resolved) at the junction 
between telomeric DNA (thick-lined hatched box) and unique DNA (filled-in 
tar), c. The .nvading G-rich strand is extended by replication using the donor 
:e!omere as a template, tf. After dissociation, the terminus carries an -300 
nucleotide long G. . 3 T single-strand tail and serves as a template for primase 
'01 and conventional DNA polymerase mediated replication of the com- 
plementary strano (e). t m Subsequent removal of the RNA primer would still 
;eave a gap at the 5' end of the newly replicated strand, but no sequence 
information would be lost. (Alternatively, the extended G-rich strand could 
■ old back on itself to form a terminal hairpin and provide the primer for 
replication of the C-rich strand 15 .) 
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in telomere length (reviewed in ref. 19). A workine mod*! r« 

8. This scheme is reminiscent of the bacterinnh™,* ta L 8 * 
choice' mode.'-* that allows compete J 4 |h?S 

f m " h °£ e ,- by • Pr0CeS$ ^ requires "combination As thb reel 
ombmaaon is non-reaprocal and can result in a net increase to 
telomere sequences it could contribute to' telomere replication 
during the normal cell cycle. "pucation 

If telomere-telomere recombination is important for telomere 
repltcatton or maintenance, we also expe« authentic tSo me « 

^ chr ° mosomcs - These results can be 

explamed if yeast tetemeres are more likely to recombine with 
each other than with plasmid termini. This is possible L^S 
chromosomal telomeres and internal stretches ofC, 3 A are more 
abundant than plasmid termini, and (2) chromosomal telonTe r « 
have much greater homology to each other than to C 4 A/or C A 
SL M T* tiV ¥' if "'^"-telomere recombination i s a 
^alvag^way^at-ac^nly-onnhw telomeres w i th ver? 
short stretches of C,. 3 A DNA, its occurrence at natuS 

ISSSZL may be t0 ° rare to de "« b * 
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Telomeres shorten during ageing 
of human fibroblasts 

Calvin B. Hariey*, A. Bruce Futchert 
& Carol W. Greidert 

* Department of Biochemistry. McMaster University 
1200 Main Street West. Hamilton. Ontario L8N 3Z5.' Canada 
TCold Spring Harbor Laboratory, Cold Spring Harbor 
New York 11724, USA 

The terminus of a DNA helix has been called its Achilles' heel'. 
Thus to prevent possible incomplete replication 1 and instability 5 - 4 
of the terrmni of linear DNA, eukaryotic chromosomes end in 
eharactenslK repetitive DNA sequences within specialized struc- 
tures called telomeres 5 . In immortal cells, loss of telomeric DNA 
due to degradation or incomplete replication is apparently bal- 
wnSLS TZT e l ,0n 8 atio « 4 - ,U . **lch may involve Jc novo 
ZilM °n a -i d, °; al repe . a,S by 3 " 0Vel DNA Polymerase called 
H l f I « ;. S " k H 3 P0 'y merase has been recen'tlv detected in 
Hel.3 cell, . it has been proposed that the finite doubling capacity 
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TABLE 1 Effect of donor age on telomere length In human fibroblasts 



Age 



strain 

HSC172 
A30S 
A38 
A35 
F001 
F002 



In vivo 
years 

Fetal 
0 
24 
70 
71 
91 



in vitro 
MPO (MPO max) 

18-28 (88) 
33 (58) 
31-33 (68) 
19 (41) 
21-29 (40) 
18-20 (45) 



Mean telomere 
length. 
kb±s.d(n) 

a6±0.5 (3) 
7.3 (1) 
6.9±03 (2) 
6.7 (1) 
6.5±0.4 (5) 
6.2*0.1 (3) 



Mean telomere length (the length of the terminal restriction fragment) 

earliest available mean population doubling (MPO) in separate experiments. 

(^OSXmale forearm skin (A38. A35) or female abdominal skin (F001F002) 
MPO at time of assay and senescence (MPO max) are indicated. The 
correlation between Increasing donor age and decreasing telomere ieneth 
Is statistically significant (P < 0.05). telomere length 



of normal mammalian cells is due to a loss of telomeric DNA and 
eventual deletion of essential sequences 1 ' 16 * 17 . I n yeast, the estl 
mutation causes gradual loss of telomeric DNA and eventual cell 
death mimicking senescence in higher eukaryotic cells" Here, we 
afcorrthat the amount and length of telomeric DNA in human 
fibroblasts does in fact decrease as a function of serial passage 
during ageing in vitro and possibly in vivo. It Is not known whether 
this loss of DNA has a causal role in senescence. 
^ Hie finite replicative capacity of human fibroblasts in culture 18 
is well established and has been extensively used as a model of 
cellular senescence 19 . To investigate the effect of cell division 
and age on telomeric DNA, we grew nontransformed human 
fibroblasts in vitro until terminal passage and regularly deter- 
mined the sue distribution of terminal restriction fragments 
Mpt is, telomeres) by Southern blot analysis (Hg. 1). Mean 
^bmere length decreased about 2 kilobases (kb) with cumula- 
tive population doublings in five strains of fibroblasts studied 



Ctlt 
line 

MPO 



(Fig. 2a). Moreover, the total amount of telomeric DMA ,ic„ 
decreased (Fig. 26). which indicates true loss of DNA Md 
«n,ply rearrangement of telomeres with respect t > r^tTc ' 
enzyme cleavage sites. Loss of telomeric DNA did S 
from general degradation or loss of repetitive DNA 
auons of DNA from old cells 10 , as other repetitive n„n? ? * ■' 

function of growth state: cells at similar passage leveb Tcolle^ J 

sigmficant dtfference tn telomere distribution (not shown) 

As loss of telomeric DNA observed with atein» 
occur generally as somatic cells K TSS Ufa 
to determine the effect of donor age and tissuT^n^ 

and may become shorter during ageing h, vivo (Fi „ V£L ™ 
and Table 1). The increased heteroeeneitv of7^,f,!f tC 

vatS^r M dm0tS (H * SSySX 
vanable history M vivo as well as their increased aTm « 

SkS Pr0beS l ° COnfinn observation^ In 

addmon, comparative studies should attempt to correlate 
telomere loss with cellular life span in different specie^ 

The degree of telomere shortening observed duriL aeeine of 
enured human fibroblast could be biologically sSSe 

TT^f^ U ^ te, ° me, r ° f of sequent 

IZ^t Pt ? bab,y tonally important 2 '. Huo« 

sperm telomeres have about 9 leb of TTAGCflMruot. " V u 
somatic cell telomeres may tawt*^ 
seem to be variant forms of TTAGGG (such as TTCcSS 
present sub ; ternunai^. The rates of loss S£S 3222 
of telomenc DNA we have observed (Fig. 2) are in roueh 
agreement with the estimate of 4kb ofn^^ C} 
somauc telomere Tnus the loss of 2kb of tenSn al% U en« 
could represent loss of most of the functional telomeric sT 
quences. £yen if there is substantially more than 4 ttoTLt 
tional sequence at telomeres from young cells, tli^SSC 



HSC i72 



18 28 33 5365 71 7480 88 




W 28 38 S3 65 71 746088 



F0OI 



27 32 3740 27323740 



A30S A38 

(TTAGGG^ 
334657 314456 



F0O2 




CTTAGGG 3 
202936 4245 




TO. 1 Terminal restriction fragment (telomere) length in cultured human 

t m ' ^ U) ' rew *° rn A30S (e) and youn 6 adu,t A3 8 < O cell strains (see 
Table 1) was analysed at indicated mean population doublings (MPO) on 
Southern blots. Oligonucleotide probe (TTAGGG ) 3 was used with high sirin. 
gency washes to specifically detect telomeric sequences Uce fe) and 
^fenucleotide (TTGGGG) 4 with low stringency washes to detect both 
^pienc sequences and internal repetitive sequences (I) (6, d) The size 
(kb) and position of markers are indicated. 

M£TH0DS_ Ceils were grown anO population doublings counted as 
desenbed and DNA isolated when cells reached confluence. DNA was 
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nuZnr ^^ t ° h C0m P ,el,0n w ^ restriction enzymes Msp\ and Rsai and carefully 

fnr^lT, g d reS °' Ved by ***°Pho™i8 at 1 V crn"^ for 36-72 h 

MnS) aS r IOadCd ^ ^ ^ ,an€ (MP ° 20) ' 4 ^ in ««nd" 
lane (MPD 29) and 2 ^g ,n each of the other lanes. DNA was deourinated 

iscn etcher and Schuel) and hybridized in 6x SSC at 37 X or 50 *C with 

lT^V^ )3 : r K 5 ^ respeciive,y - Fi ' 1 ^ ™ 

(HC^uUoe f ° f ^ (TTAGGG)3 ^ 0f SSC at 50 X for the 
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IBekspectivls 



Diploid 
2rt 



Moncsomic 



2n+t ; 
Trisomii 




Nonviable 



Stable 



I 

\ 

Unstable 



funher aneuploidy 



Tetrapioid 



Heteroptoid 



>7gQ 



cwiomommp ounces in rawoin yo.M.<nc cay. nonmsji'nctlos at 

MTTOSIS 0**5? MO>0>OMIC5 (lqSS) OX TWSOMlOi (CAIN), VKICH MAY HE 
NONMUJUi, Sivgcr TO DIH01DV UV SECONDARY NONOtSJ ITiCTION' IOP 

ENnowanTucvnoN) of the affictet) aisoAWSOMS. ck pRcaprrATi 

WNDKjTNCnON OF OTHER CHROMOSOMES- IS PARTICULAR, IT IS PRO- 
POSED THAT GENE* CONTXOUJNG THE ACCURACY OF UrronC S£PAX\TlON 

or aii a«towo>a\«s ^u. have uss accurate controi if pke^znt in 

ONE OS TKKEZ COMES. THC5, NCfr^UNCTION OF A CHROMOSOME MTTH 
SCCH A GENE VU LEAD TO FWETHER aROJUOOME CHANCES AND A OEN- 
K»A( DeNTABl*JZ.VTia\' Of THE KARYOTYPE. 

doubled. Therefore (he ratio of ihis protein to cell vol- 
ume tvill change through the cell cycle over roughly a 
twofold ranse. although other cell axle controls may 
well be superimposed on rates of transcription and 
translation. 

The most detailed experimental studies of the cell 
cycle have been carried out in bacteria and yeasts. A 
general conclusion is that a doubling of the concentra- 
tion of one or more specific proteins in the cell is likely 
to be an imporuni component in controlling the 
progress of any cell through the cycle. Evidence for 
this comes from the study of mutations that change 
cell volume and from the experimental manipulation 
of growth conditions that change the initiation and/or 
the rate of DNA synthesis, as well as cell volume 11 " 1 *. 

One of the events of the cell cycle that could he 
critically dependent on gene dosage is the accurate- 
disjunction of chromosomes 2 . The replication of one 
or more criijca] genes would raise the level of gene 
product to that which is optimal for accurate centro- 
mere separation anil the normal function of the mitotic 
spindle fibre apparatus Hut .suppose that the chromo- 
.sume containing otic of these critical genes undergoes 
spontaneous nondisjunction. The daughter cells fol- 
lowing mitosis will now have one or three copies of 
the gene in question. Thus, in the next cell cycle there 
will he over- or under-expression of the important 
gene product, and this will increase the probability of 
errors in chromosome disjunction at the next and 
subsequent mitoses. This is an example of error 
pn >pagati(jfl. in which one or more initial errors feed 
back to make later events even less accurate. 

Although hislones are unlikely to iiave a direct re^* 
ulatory /ole in the comml wf mitosis itself, it is *ignifi« 
m cant that overexprcssion of distune genes leads to a 
*Jgni!icanl increase in mitotic nondisjunction in yeast'. 
Oveiex'pression of one set of genes near lite G1-N 
b'HiiuJjr\* in ihc cell t yck* ueiy well be cunvkiied v.itfi 



a dunge in expression of other genes thai are nomudly 
tightly regulated. 

Uandom nondisjunction of individual chromosomes 
can lead to several possible consequences CFig. \\ 
Hie initial unbalanced karyotype may be nonviable, or 
result in slow growth, followed by selection for cells 
that regain the diploid karyotype by endoreduplication 
or u seamdjiondisjunetion event. Monosomy or tri- 
somy for ?hnirchrombst)me s may be st able. The par- 
lieu tar consequence pr«posed~here is^hal'destahUiz- 
alion of the genome will be triggered by nondisjunction 
of a chromosome carrying a gene that must be opti- 
mally expressed to ensure the accuracy of subsequent 
mitoses. This event is therefore likely to increase the 
frequency of nondisjunction, which may affect a sec- 
ond chromosome earn* in g a gene with a similar regu- 
-tuary— role7~Reuirn— to^^ 
becomes extremely unlikely and the cell either dies or 
becomes irreversibly committed to further aneuploidy. 
An unbalanced genome produced by an initial chro- 
mosome rearrangement could produce the. same end 
effect. The basic principle is that initial abnormalities 
in chromosomes containing genes that are esseratfal for 
the control of disjunction will destabilize the karyo- 
type. The upshot would be the situation that is usual 
in tumour cells - namely, continuous variation in chro- 
mosome number about a modal number. 

Previous discussions of error propagation have 
dealt mainly with the possibility that errors in, proteins 
required for information transfer may destabilize the 
accuracy of protein synthesis itself, leading to an ever- 
increasing number of errors**- 15 . The same principle 
can be applied to chromosome segregation. Initial 
errors ultimately lead to a 'chromosome catastrophe", 
in which there is uncontrolled karyorypic variability. 

^NE DOSAGE AND CHROMOSOME CHANGES fc\ 
CARCINOGENESIS 

The importance of chromosome changes in car- 
> ^cinogenesis has been widely recognized (reviewed in 
'Refs 9, 16-19;. More specifically, the significance of 
changes in gene dosage has been emphasized by- 
Klein^. In many instances, cellular proto-oncogents 
are activated to oncogenes by being insencd into ne** 
genetic locations where transcription is increased. 
Although some oncogenes arise by mutation to an 
activated form, in many cases it seems likely that mere 
overexpression of the normal gene product is a critical 
step In carcino^enesLs^'. 

Innumerable studies of karyotypic changes in 
human cancer cells have been published and the 
results catalogued in comprehensive surveys"-**, a 
major problem in this area of investigation is to distin- 
guish primary from secondary events: although a pro- 
gression of chromosome changes can sometimes be 
discerned in the grwih of tumour clones 17 , the signifi- 
cance of the earliest detectable chromosome changes 
is hard to evaluate. Fieim and Mitelman'*' suggest that 
chromosome alienations in neoplastic disorders are of 
three kinds: M) primary ■abnormalities, which are 
essential sieps in est j Wishing the tumour, (I) sec- 
ondary abnormalities, which may be important in 
tumour progression, and (3) 'cytogenetic noise', which is 
the bai'kgiound level of noiu'unsequvmial :iU-rrations. 
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could still be significant. As each cell contains 92 telomeres and 
the distribution of telomere lengths is wide, a loss of 2 kb from 
the mean length may imply a large increase in the proportion 
of cells missing TTAGGG from at least one telomere. The loss 
of even one telomere could cause the permanent cell-cycle arrest 
and chromosomal instability characteristic of senescent fibro- 
blasts 22 . Most significantly, chromosomal abnormalities increase 
dramatically in the terminal phase of fibroblast cultures 23 and 
about 90% of these are dicentrics attached at their telomeres 24 . 
Loss of critical telomere sequences in late-passage fibroblasts 
could explain these data. Whether loss of telomeric DNA in 
vivo might contribute to the elevated (but still relatively low) 



£ 
o 




Mean Population Doublings 



100 
80 
GO 
40 
20 
0 




0 20 4Q 60 80 100 

Mean Population Doublings 

RG. 2 Decrease in amount of telomeric DNA curing replicative ageing of 
cultured human fbroWasts, Mean telomere length (a) and total telomeric 
DNA (o) are shown as a function of in vitro age. Symbols represent fetal 
cell strain HSC172 (□). newborn strain A30S U), young adult strain A38 
(+). and old adult strain*FO01 (■) and F002 (O) (see Table i). The slopes 
of the linear regression fines are -31 bp MPD" 1 , -0.9% MPO -1 (HSC172); 
-48 bp MPD -1 , -0.9% MPD" 1 (A30S); -41 bp MPD' 1 , -2J3% MPO' 1 (A38)! 
-85 bp K«r\ -21% MPD" 1 (FOOlh and -37 bp MPD' 1 , -1.0% MPD' 1 
0=002). Analysis of HSC172 cells include data collected from two separate 
ampules of cells grown at different times. 

METVOOS. DNA digested with Msp\ and Rsa\ was quantified and 2 »ig run 
in each lane of various 0.7% agarose gels for transfer to Nytran filters and 
hybrkiization with (TTAGGG) 3 as described in Fig. 1. Autoradiographs were 
generated without an intensifying screen using the linear response range 
of the film and scanned with a densitometer. The signals probably include 
hybridization to variant forms of TTAGGG. Output was digitized. Mean 
telomere length was defined as XtoDjVKOD/q. where OD, is the 
densitometer output (arbitrary units) and L, is the length of the DNA at 
position i. Sums were calculated over the range 3-17 kb. This calculation 
assumes that DNA transfers at equal efficiency from all points in the gel 
and that the number of target sequences (telomere repeats) per DNA 
fragment is proportional to DNA length. Although neither of these assump. 
tions is strictly true, the data did not warrant a more complicated model. 
Qualitatively similar results were obtained with other assumptions and 
methods. To estimate loss of total telomeric DNA. the integrated signal 
(I0D. from 3-17 kb) was determined for each lane and, where possible, 
normalized to the signal from other Southern blots using a control probe. 
Lanes in which amounts other than 2 u.g of DNA had been loaded were 
omitted from the analysis. Integrated signals for each autoradiograph were 
then expressed as a percentage of the signal from early passage HSC172 
DNA on each autoradiograph as a standard. 
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frequency of chromosomal rearrangements, particularly dicen- 
tries, observed in older humans 25 - 26 is uncertain 

Tumour cells are also characterized by shortened 
te omcres 2 and increased frequency of aneuploidy, including 
telomenc associations 2 *. If loss of telomeric DNA ultimately 
causes cell-cycle arrest in normal cells, the final steps in this 
process may be blocked in immortalized cells. Whereas normal 
cells with relatively long telomeres and a senescent phenotype 
may contain little or no telomerase activity, tumour ceils with 
short telomeres may have significant -4e!omerase activity 
Telomerase may therefore be an effective target for anti-tumour 
drugs. 

In most unicellular eukaryotes, telomere length is a dynamic 
variable with both expansion and contraction events occurring 
under different culture conditions 5 - 7 - 8 . Complex regulation of 
telomere length is not unexpected in immortal, single-cell organ- 
isms which experience dramatic changes in their environment 
However, it is possible that mortal, somatic cells of higher 
eukaryotes lack mechanisms for telomere elongation. Telomeric 
sequences may be added exclusive ly in th- grrm line, thu; 
explaining the observation that sperm telomeres arc longer than 
telomeres from normal somatic cells 17 - 21 - 29 , and these telomeres 
may simply be lost during the life span of an individual. 

There are a number of possible mechanisms for loss of 
telomeric DNA during ageing, including incomplete replication, 
degradation of termini (specific or nonspecific), and unequal 
recombination coupled to selection of cells with shorter 
telomeres 30 . Two features of our data are relevant to this ques- 
tion. First, the decrease in mean telomere length is about 50 bp 
per mean population doubling (Fig. 2a) and, second, the distri- 
bution does not change substantially with growth state or cell 
arrest. These data are most easily explained by incomplete 
copying of the template strands at their 3' termini. But the 
absence of detailed information about the mode of replication 
or degree of recombination at telomeres means that none of 
these mechanisms can be ruled out. Further research is required 
/td determine the mechanism of telomere shortening in human 
fibroblasts and its significance to cellular senescence. □ 
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EXHIBIT 4 
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file partitioning of the genetic material during the div- 
ision of normal cells depends on accuracy at scvera 
levels. The accuracy of DNA synthesis itself is well 
known, primarily from many measurements of the me 
of gene mutation', but the distribution of DNA equally 
10 daughter ceils depends in eukaryotic organisms on 
many coordinated events, which involve the sphering 
of chromosomes to form chromatids and the separ- 
ation of the^i?*Wd;t© form rwo cells, each with 
the exact complement of chromosomes and DNA. The 
accuracy of disjunction of chromosomes at mitosis can 
be measured by genetic methods and is generally very 
high, approximately 1 error in 10* mitotic divisions for 
a given genetically marked chromosome (see below). 

A general feature of tumour cells is the loss of the 
accuracy of chromosome disjunction, leading to aneu- 
ploidv and heteroploidy. Thus, a tumour cell popu- 
lation characicrisiicaHy has a modal number of chro- 
mosomes, with considerable variation about this 
mode. When tumour cells are cloned, they soon gen- 
erate a population of cells with a variable karyotype. 
Hence, in these ceils nondisjunction is a common 
event, perhaps two or three orders of magnitude more 
frequent than in normal diploid cells. 

In the genesis of heteroploid tumour cells, the Fol- 
lowing crucial question can therefore be asked; what 
event is most likely to convert a cell with a stable 
karyotvpe to a cell with an unstable one? In the ensu- 
ing' discussion, I suggest that rare nondisjunction or 
rearrangement of at least one specific chromosome 
mav itself be the initial destabilizing event. The argu- 
ment is based on the proposal of MeeksAV^gner and 
HartwelP that gene dosage and the concentration of 
one .or more gene products is a very important compo- 
nent in the accurate control of normal chromosome 
disjunction. 



Accuracy ot chromosome disjunction 

The most reliable method for measuring the fre- 
quency of mitotic chromosome nondisjunction 
depends on the use of a diploid strain with hetero- 
zygous markers on each side of a single centromere. 
Vith a selective system, homozygosity or hemizygosicy 
fot all markers can be readily delected, following chro- 
mosome loss with or without reduplication of the 
monosomic chromosome. Several such systems have 
been developed in yeast and these show that the fre* 
quency of spontaneous nondisjunction for a single 
chromosome is about 10-* per cell division 2 -. 

Unfortunately, similar genetic markers are not avail- 
able in diploid mammalian cells, but naturally occur- 
ring heterozygotcs have been used to measure the 
change or loss of one allele, for example, by election 
against one of two HLA-A haplotypes on chromosome 
6 in T lymphocytes. The clones that are selected may 
have an altered mutant allele, or may have lost the 
allele. Loss can occur by deletion, mitotic recom- 
bination or nondisjunction. In such experiments the 
frequency of gene loss is about 3 x 10'< <Ref. * and 
A.A. Moricy, pcrs. ctimmun.), which means thai chro- 
mosome loss cannot occur m a higher frequency than 
this, unless monosomic cells art nonviable. 

Most studies of nondisjunction in diploid mam- 
malian cells have relied on counting meta phase thro- 
ne n-nwiKY 1 



Chromosome error 

PROPAGATION and CANCER 



ROBIN HOlilDAV 

A general characteristic of tumour ceiis is their unstable 
karyotype. It is suggested here that hiainienance of the 
normal diploid ceU depends on the presence of two copies 
of specific genes; a change in gene dosage of one or more 
of these genes, by chromosome nondisjunction or 
rearrangement, may trigger a genera! loss of accuracy* in 
chromosome segregation at mitosis. 

rnosomes. which is probably a very unreliable method. 
Tor e ^a mplerHn^^an>^t^dies^f-the-c^mmosomcs-of 
human phNiohaemagglutinin-stimulated lymphocytes 
(reviewed in Ref. 6). hyperdiploid frequencies varied 
from 0.1 - 4.2% with a mode of 0.4%. The range for 
rodent lymphocytes was similar, with a mode of 0.5%. 
If the modes are wken as the best measurement, this 
indicates that errors in disjunction per individual chro- 
mosome are about 0.01% or lf>. The variability of 
published results may be due to the loss or gain of 
chromosomes . in the spreading technique. Another 
cytologica! method depends on the detection of 
micronuclei containing whole chromosomes which 
have become detached from the metaphase plate and 
are not included in daughter nuclei 7 . These occur in 
normal human T lymphocytes at a frequency of about 
10*2 _ io-3 (Ref. 8 and A.A. Moriey, pers. commun.), 
corresponding to about 10* 4 - 10^ per chromosome. 

Many tumour cell lines are heteroploid with a con- 
tinually varying chromosome number. In such cells, 
there is probably at least one abnormal chromosome 
segregation per division, and there may be several. 
The overall frequency of nondisjunction is likely to be 
at least 100-fold higher than that of normal diploid 
cells. Some transformed or tumour cells have been 
reported to have diploid or quasi-diploid karyotypes, 
but such populations tend to give rise to hypo- or 
hyper-diploid cells*. The pseudo-diploid Chinese ham- 
ster ovary (CHO) cell line has been used extensively 
in somatic cell genetics, and appropriate markers 
make it possible to measure chromosome nondisjunc- 
tion. In hybrids heterozygous for two X chromosome- 
linked markers, abnormal segregation occurred at rates 
of 1.4 - 3.0 x 10*5 per cell division in different expert- 
mcnts l, \ which is almost certainly considerably higher 
than the rate in diploid cells. 



Pe.NI DOSAGE IN THE PtOKMAL CEU. CYCLE 

The cell cycle includes both continuous and dis- 
continuous events. Total protein synthesis of the cell is 
a continuous process, so the protein-cell volume ratio 
stays roughly constant. The duplication of a gene al a 
particular lime in the S phase is a discontinuous event. 
It is well established from many studies with eukary- 
oies thai the concentration of a given protein is pro- 
portional to the number of genes coding fur that pro- 
tein. Thus, when a gene is replicated ihe amount ol 
transcription is doubled and with y constant rale ol 
mKNA translation, the amount of gene product is ;tlso 
*;h ( ; vol 1, so. 2 
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Whatever the primary cause, it is nevertheless 
probable that desiabilization of the genome is a very 
important early event in tumour progression. 
Following that destabiiizau'on, a wide variety of abnor- 
mal genotypes and phenorypes will rapidly be pro- 
duced and successive clonal .selection for rapid 
grcrwth, turnorigenicity and metastasis will therefore 
follow. As a result of karyotype instability, tumour 
suppressor genes (reviewed in Refs 24, 255 may 
become hemizvgous; this will make them targets for a 
single recessive mutation, whereas in diploid cells at 
least two rare events are required to eliminate sup- 
pressor gene activity. During clonal selection for can- 
cer ceils it is possible that a partial reversal of Instab- 
ility* may be favoured, if a ceil with a particular 
karyotype is the most invasive. It should be noted that 
although the many karyorypic studies of neoplastic 
humairxet ts show -that-xhronwome-ehanges-are-not- 



I/VBU 1. MaJOK DIFFERENCES BETVHEJf THE GENETIC 
CHAXACUHSnCS OF NOStHAL DtPtOTO KAMXUUAK SOMATIC 
COLS AND TRANSFORMED CELLS (SEE TEST FOR REFERENCES) 



Transformed cells** 

Ancuploid or 
hctcroploid 

High frequency 

Common 

Well documented 
Readily detected 

Activated or over* 
expressed onco» 



Normal cells* 


Karyotype 


Diploid* 


Nondisjunction 


Low frequency 


of chromosomes 


Chromosome 


Uncommon 


rearrangements 




Gene amplification 


Not reponed 


Integration of 


Very rare* 1 


foreign DNA 




Oncogenes 


Normal prpto- 




oncogenes 



random—- 1 , they are not likely to reveal those chro- 
mosomes that control the -accuracy of disjunction, 
since aneuploidy for one or more of these chromo- 
somes may rapidly lead to other chromosome changes 
that obscure the initial event. 

It is well known that agents that induce karyotypic 
changes can lead to transformation. For example, the 
oncogenic simian virus 40 rapidly destabilizes 

the genome a - r . Colcemid and diethylstilbesrrol pro- 
duce aneuploidy. and they can also induce neoplastic 
transformation in primary Syrian hamster cells 2 **" 30 . 
Chemically inert agents such as asbestos and glass 
fibres can also induce transformation and chromosome 
changes in these celbU. The carcinogenic activity of 
asbestos is striking, and it may be that cellular inges- 
tion mechanically disrupts norma! spindle function, 
which leads to aneuploidy. Most carcinogens induce 
chromosome changes 3nd it can be argued that the 
correlation between these two effects is greater than 
that between mutagenicity and carcinogenicity 161 ". 



DNA inebriation 



Declines during 
subculture 



genes 

Constant wfcrtrfe 
novo methylation 



"Somatic diploid cells with finite division potential, 
^Includes partially transformed permanent lines and fully 
transformed tumorigenic cells. 

TetnplokJ cells which occur in some tissues and primary 
cell culty res also have a balanced genome and appear to be 
stable. ^ 
*5hort term assays, using plasmids with the chloramphenicol 
acetykransfense gene, show thai DNA is taken up by 
somatic diploid .cells, but several laboratories have failed to 
obtain stable transfecants with DNA integrated Into 3 chro- . 
m mosome. (For obvious reasons, these negative results 
jjhuin unpublished.^n illustration of this comes from a 
comparison of humafi diploid fibroblasts* strain MXC-5. and 
its SV40-transfomied derivative. Both cells take up exogen- 
ous DNA. but stable transfection is very rare in the diploid 
parent, whereas it is frequent in the transformed derivative 
(1.1. Huschtscha, pers. cornmun.). However, T?NA' can be 
integrated in the chromosomes of eggs or embryonic cells, 
and into somatic cells using retrovirus veaors. 



I*THKSKG»'Q>ttWTABUOT . 

Although the loss of accuracy of chromosome dis- I the experiments in which DNA is integrated have been 
junction in cancer cells is a major component of karyo- 1 carried out with transformed cells, permanent lines or 
typic instability, it is by no means the only one. ] embryonic cells. Uptake of DNA can be readily 
Chromosome translocations and other rearrangements I demonstrated in normal somatic diploid cells., but inte- 
are clearly more common in cancer cells than in nor- \ gration into the chromosome is probably a rare event 
ma! cells. Several rearrangements are commonly seen (see footnote d, Table 1), unless, of course, it is medi- 
in the karyotype of a single cancer cell, whereas even lated by a retrovirus. Again, these cells appear rigor- 



a single rearrangement is uncommon in a normal 
diploid population. In addition, cancer cells often 
amplify regions of DNA to produce drug-resistant 
derivatives, or they may have amplified oncogene* 1 -. 
Experimental studies on amplification have been car- 
ried out with transformed or partially transformed 
mammalian celW-V\ but there are no published 
reports of normal mammalian diploid cells becoming 
resistant to toxic drugs or metabolites by amplifying 
specific gents. This suggests thai the linear integrity of 
the DNa in chromosomes of diploid cells is much 
more strictly controlled than it is in transformed cells. w 
In recent years, the traasfeaion of mammalian cells 
by DNA has become a standard procedure. Methods 
for promoting the uptake of DNA have been de- 
veloped, and this DNA often integrates at nonhomolo- 
gous regions of the chromosome. However, almost :ill 



I ously to maintain the stability of a normal genome. 
There may also be important differences in the 
postsynthetic modification of DNA in normal and 
transformed cells. Diploid cells have finite proliferative 
potential and during serial subculture the level of 
5-methylcytosine <m*C) in their DNA progressively 
declines, whereas permanent lines and transformed 
cells maintain a constant level of m*C (Rcfs 35, 36, F. 
Malik and R. Holliday.' unpublished). Although this 
implies that DNA methylation is at a steady state in 
these cells, it is probable thai the overall control of 
DNA methylation is abnormal (see Ref. 57). Permanent 
lines often have silent genes that can he reactivated hy 
Vazacytidine, strongly indicating that the luck of gene 
expression is due lo DNA methylation, The published 
evidence suggests thai such cells frequently inaciivaic 
genes by dc now meihykuinn. 
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On (he other hand, the phenotypv of diploid celLs 
Ls strictly conserved, presumably by the tiejn control of 
expression of luxury genes and ibe concomitant lack 
of expression at' specialized gene functions of other 
cell types* It Ls therefore possible that a general 
desinhili/ation of the genome may also include a loss 
of ihe normal cpigcneiic controls of eync expression, 
which may in turn be important steps in tumour pro 
gression*"-**. Tile major differences in the genetic 
stability of norma! and transformed cells are listed in 
■ Tabic 1. 



CONCLUSION 

The muhistep nature of carcinogenesis is xvell 
established, but the genetic changes associated *vith 
the various stages of tumour progression are usually ill 
defined. They may include gene mutation, recombin- 

^torTr^eiie~anrp1^a^^ 

DNA transposition or epigenetic changes in gene 



depend on an understanding of the mechanisms tfiat 
accunttely maintain the integrity of the genome of 
somatic cells through successive cell divisions. 
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expression (reviewed in Ref. 39^. A crucial step in 
tumour progression appears to be a desubilization of 
the genome*, this leads to the production of aneuploid 
or heteroploid cells and probably d*c loss of other 
controls that are necessary to preserve the integrity of 
the genome. Mutation of hemizygous tumour suppres- 
sor genes may also be an important component o/ the 
overall genetic diversity that allocs the sequential 
sclcaion of clones of cells *.-ith progressively more 
invasive and metastatic phenotypes. Several inherited 
conditions in man are associated tvuh increased chro- 
Dme abnormality and predisposition to cancer-* 9 . 
The fundamental difference between the genefi? 
stability of normal cells and the instability of tumour 
cells is very striking, and suggests chat an imponani 
| early event in carcinogenesis is the loss of accuracy ir 
chromosome segregation or disjunction at mitosis. Thisl 
accuracy may depend on diploid gene dosage for one* 
or a few critical genes, and thus an alteration in this 
^dosage may reduce the accuracy of disjunction. If this 
is correct, then nondisjunction for a chromosome car- 
tying one of the critical genes will increase or decrease 
this gene dosage, which will then increase the likeli- 
hood of subsequent changes in chromosome number, 
Tli is would be an example of error propagation in 
which a single defect will ultimately by feed-back give 
rise lo many further errors. 

There are twu reasons why changes in #cne 
dosage may be important in the regulation of cell 
growth. First, the cellular concentrations of critical 
gene products appear to be very imponani in the con- 
trol of the norma! cycle, and tile accurate partitioning 
of genetic material in mitosis is one component r/ that 
control. Second, overcs press ion of proio-onco^enc* 
may be an imponani step in cellular transformation, 
and this may also be related to changes in karyrxypc; 

Loss of control of chromosome number is also 
probably associated with ;in increa.se in other genetic 
alkTJiion>. such a> chromosome rearrangement yene 
amplification. mic*gnnion of Uirvi^T) i)NA. and ulmor- 
nui lilies in UNA mctliyfcuinn. In this way the variability 
and potential for evolution of fully tuinorigcnic cells is 
grcinly incresi.setl. If ihis view is owvci, then an 
understanding of the processes that liring alx>ui l lie 
Iijns of genetic sinhiliiv and carcinogenesis will ;i|vj 
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EXHIBIT 5 

Expression of oncomodulin does not lead to the transformation or 
nmortallzatlon of mammalian cells In vitro 
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Summary 

A recombinant piasmid (pMTONCO) containing 
the coding sequences for rat oncomodulin under the 
direction of the metmllothionein promoter was con- 
structed. pMTONCO wu co-tranafected with the 
pSV2-NEO piasmid into primary mow kidney 
or lUt-l cells wing the calcium phosphate 
technique and stable tranaformants were iaolated 
after selection with G41S. Transcription from the 
metallothionein promoter was inducible with 
heavy metals and produced an oncomodulin- 
specific mRNA. The presence of oncomodulin pro- 
tein in stable cell line* was rerified by immuno- 
precipitation with specific antiaera. While a plas- 
dd encoding the polyomarirus T*antigens was 



able to prolong the life-span of primary mouse 
kidney ceils in culture, no equivalent activity was 
noted when the pMTONCO piasmid was used to 
transfect primary cells. Wbea cipt e aacd in Rat-1 
5^it« t oocotnodulin did not affect the growth 
properties of theae cella, nor did it predispose cells 
to higher frequencies of oncoge n ic transformation 
to a viral oncogene. We conclude that oncomodulin 
is neither an immortalizing nor transforming agent 
la vitro* 



Key wtmis: oncomodulin, oncodevelopmcntal protein, 
transformation. 



Introduction 

Oncomodulin was initially identified as s novel low 
molecular weight calcium-binding protein found in ex- 
tracts of rat liver tumors (MacManus, 1979). Direct 
protein sequencing has demonstrated the sequence of the , 
108 amino acids that comprise the complete protein 
(MacManus et at. 1983). Recently, the amino acid 
sequence of rat oncomodulin has been confirmed, with 
die exception of a single amino scid difference, by 
sequence analysis of s complete cDNA encodingthts 
calcium-binding protein (Gillen et at. 1987). These 
results, in addition to earlier immunological evidence 
(MacManus, 1981a), clearly demonstrate that oncomo- 
dulin is distinct from previously described calaum- 
binding proteins, but shares sufficient homology to be 
considered s member of the troponin C superfsmily 
(MacManus et al. 1983). Oncomodulin shares the 
greatest homology with rat paralbumin, at both the 
nucleic acid and the amino acid level (Gillen et a/. 1987; 
MacManus et al. 1983). 

In rats, oncomodulin is normally expressed «*tra- 
cmbryonically in placenta, yolk sac and amnion (Brewer 
and MacManus, 1985). While oncomodulin has never 
been detected in normal adult rat tissue, interest m this 
protein stems mainly from the finding that oncomodulin 

Jounul <rf Ccn Sc5*nc» 94^517-525 (1989) ^ 
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is present in tumor tissue of rat hepatomas (MacManus, 
1979), rat fibrosarcomas and mouse sarcomas 
(MacManus, 1981a). In addition to its presence in 
tjontaneously occuring rodent tumors, oncomodulin has 
also been detected in solid tumors following the injection 
J rodent transformed cell lines into nude mice 
(MacManus et at. 1982), The synthesis of oncomodulin 
has also been observed in the nucleus of viraliy trans- 
formed normal rat kidney cella m vitro (Durkin et al. 
1983). The presence of s calcium-binding protein similar 
to rodent oncomodulin has also been observed in human 
tumors (MacManus and Whitfield, 1983; MacManus ef 
al. 1984), cell lines derived from human tumors (Pfyffcr 
et aL 1984), or tumors formed in nude mice following 
injection of transformed human cell lines (MacManus et 
aL 1982). Recent results indicate that the expression of 
oncomodulin in rat tumor tissue is regulated at the level 
of mRNA transcription (Gillen et al. 1987). 

The role of oncomodulin, as well as its possible 
function within the tumor cell, remains unclear. While it 
has been demonstrated that oncomodulin has a calmodu- 
lhvlike ability to stimulate the hydrolysis of €»dic AMP 
by rat heart phosphodiesterase (MacManus, 19816; 
Mutus et al. 1985), and to a much lesser extent rat brain 
phosphodiesterase (Klee and Heppel, 1984), or^modu- 
lin does not generally mimic the activity of calmodulin. 
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Although oncomodulin has been shown to stimulate 
calcium-starved non- neoplastic liver cell DNA synthesis 
(Boynton et al. 1982), the interpretation of this result is 
difficult, since oncomoduUh is not present in r eg e n et a t* 
icg liver (MacManus and Whitfield, 1983), 

Like alpha-fetoprotein (AFP) and carcinoernbryonic 
antigen (CEA), oncomodulin appears in both developing 
and neoplastic tissues, and as such is considered an 
oncodevelopmental protein (Brewer and MacManus, 
1985). While oncodevelopmental proteins may be useful 
as tumor markers, their role, if any, in the development 
or progression of carcinogenesis remains unknown. In 
contrast, oncogenes clearly play a role in neoplasia. At 
least two discernable activities have been described for 
oncogenes tn vitroi their ability to immortalize primary 
cells and/or to transform established cell lines in culture 
(Rassoulzadegan et al, 1982; Land et al. 1983; Ruley, 
1983). Because oncomodulin appears to be almost ubiqui- 
tously present in rodent tumor tissues (MacManus, 1979; 
MacManus, 1981a; MacManus et al. 1982), and since it 
has been shown to influence DNA synthesis indirectly 
(Boynton et al. 19SZ), it was of interest to determine 
whether the expression of oncomodulin could influence 



the morphology and growth patterns of cells in i manner 
similar to oncogenes. A recombinant clone permitting the 
expression of rat oncomodulin in mammalian cells wis 
constructed and introduced into primary baby mouse 
kidney cells or cells from the established Rat- 1 line by 
DNA transfection. Our results indicate that oncomodulin 
does not act as t cellular immortalizing or transforming 
agent m vitro. 

Materials and methods 

Recombinant plasmids 

All enzymatic reactions were performed as described by the 
manufacturer. Standard protocols for plasmid DNA purifi- 
cation, agarose gel dectroprwresii, DNA fragment purification 
and plasmid transection into bacteria were empfcrved (Manilas 
et el 1982). * 

Details of the construction of the pMTONCO pUsinid ire 
described in Fig. I. The starting plasmid, pPXMT, was 
originally provided by J. Sunbrook (University of Texas 
S^T^ff?, Med l al CMt ^ °***"*d from J. A. 

H ^f Ei McMMter Uni venity). Apart from plasmid sequences, 
pPXMT contains s 0.6kb (Ikb-Hr 1 bases) Kpnl-BtfU frag- 
ment of the mouse metaJlothionrin I promoter and ■ 




pMTONCO 



mt4 




Fig. 1. Schnutic representation of the cloning 
ttep* involved in the construction of the 
recombinant pliamid pMTONCO. 
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Bgtll (formally a B$l\ site) - 6am HI fragment (spanning 
nucleotide* 5235-2533) of the aimUn virua (SY40) early rrgkm. 
pPXNfT waa digested with Bglli and HmdUl to remove the 
maiority of the SV40 early region, leaving only SV40 sequences 
from thei/tfidlll-SawHl aite (nucleotides 3476-2533), which 
contain, among other sequences, the early 3V40 polysdenyl- 
ttion signal. The digested fragment was Ugated to a small 
Bam Hl-tfmdl 1 1 poly linker fragment obtained from the plas* 
mid pC EM- 1 (Promega). The resulting recombinant (pPMT) 
waa purified from Esckrricia colt CM 150, a dam roethylase 
minus strain. pPMT DNA waa cleaved by restriction endonu- 
ciease digestion, and the Urge Hmd\\\-8d\ fragment waa gel 
purified. In parallel, » cDNA fragment of rat e^comodulin, 
containing a rYmdlll linker at nucleotide + 10 and a BamHl 
linker past nucleotide +660 (Gilleo et el. 1988) was gel purified 
and ligated to the Urge HmdUUBcil fragment of pPMT. The 
resulting plssmid, pMTONCO, waa partially sequenced to 
ensure that no alterations had occurred in sequences surround* 
tng the AUG translinon mitiaoon codon of oocomodulsn. 

Two other recombinant pUsmids were also employed in this 
' study. pSV2NEO has previously been described (Southern and 
Berg, 1982). The plasmid pSV2NEOSVEBla was a kind gift 
■ from Bernard Masaie (Biotechnology Research Institute, 
Nstional Research Council of Canada). Briefly, pSV2NEOS- 
VEBla contains both the Urge BamHl-Pml fragments of 
pSV2NEO and pPSVEl-Bla (Muller et at. 1984), so that the 
synthesis of neomycin or the synthesis of small, middle and 
large T-antigena of polyoma virus are driven by separate SV40 
early promoter regions. 



Cell culture and transformation 

All cells were propagated in Dulbecco*s modification of Eagle's 
medium (DMEM) supplemented with I0<fc fetal bovine serum, 
genumicin (50^ml~^) and Fungizone (2-5/sgml -1 ). Cells 
were maintained at 37*C in a humidified COj incubator. Rat-1 
cells, a subclone of Fischer rat F24C8 celU (Freeman ef al. 1973) 
were obtained from J. A. Hassell (McMaster University). Pri- 
mary mouse baby kidney (BMK) cells were prepared as 
described previously (Freshney, 1987). 

Cesium chloride gradient-purified supercoilcd pUsmid DNA 
waa used to transfect Rst-1 or BMK cells. Rat- 1 and BMK celts 
were seeded onto 100 mm plastic dishes at a cell density 3.5* 10 5 
cells/ plate and 5x10* cells/plate, respectively. Fifteen hours 
post-plating, one ml of calcium phc*phate-precipitated DNA 
(Wigler et a!. 1978) containing a total of 20 ug of DNA 
(consisting of pUsmid DNA and calf thymus DNA if needed) 
wis added per 100 mm dish. The precipitate wss allowed to 
settle on the Rat* I celU (4 h) or the BMK eeUs (overnight), after 
which the precipitate was washed off with phosphate-buttered 
saline and fresh medium was added. At 48 h po««-lrana/ectkm, 
cells were put under G418 selection (400 pg ml" for Rat- 1 ceils, 
!20/Jtgmr l for BMK cells), C4l8-resistant colonies were 
cloned 14 to 21 days post-trsnsfection by lifting colonies with 
trypsin-impregnaied Whatman paper, which waa then de- 
posited in 24-<Iuater microwell dishes containing G4 1 Sup- 
plemented medit. 

To eatiblish cell growth psttem*, celU were initially plated st 
IX 10 5 cella per 60 mm plate. Sufficient platea were established 
such that duplicate 60 mm platea of celt* were trypti rated and 
counted at each time point. To teat the capacity of cells to grow 
without a solid support, 1 X 10 s cells were suspended in 0.33 % 
(w/v) agarose in DMEM containing 10%. fetal bovine serum 
and plsted over a layer of 0.60% (w/v) agarose in the same 
medium. After one week, the platea were scored for the 
presence of colonies. 



Northern blot analysis 

RNA was extracted from cells as previously described (Chirr- I 
win ef a/. 1979). Since the rrrraftihw i uLiu promoter m respoo- ■ 
sxve to heavy metal induction, some ecus were w^.n^.^i for \ 
2h in rnettl^pplemented rnrrfhrrn (lOmsf-tme chloride, ; 
I mM<sdroiua chloride) before RNA c auauio tt, Total RNA 1 
(10 pg) was ekctrophcretsca&y separated in a de ntin jag 1 
agarose/formsidehyde gel, the gel was stained with <^'"m \ 
bromide to verify the mtegriry sod ccocencratioa of the RNA i 
sample, and the RNA was transferred to nitrocellulose using i 
standard trrhnimwt (Maniatis et aL 1982). Rat f^wr^^r^ 
sequences were detected by h yfa oJUau oo to a [ B P]CTP- I 
Ubclled RNA probe complementary to the coding sequences of , 
oncomodufin mRNA seq u ences, Hybri dUaxj ooa were per- ; 
formed at 60*C a 50% formamade, SO mat-sodium pho sphate ; 
(pH7.0) f WiiiM-sodium chloride. lmtt-EDTA (pHSJ), j 
llSxDenhardt's soh j tion, 250ps^ml" A» w » i M T .j salmon sperm ! 
DNA and 500 par ml" 1 yeast tRN A. Hybridisation mixtures also j 
contained radfaactrvcry labelled RNA at 2x 10* eta mm* 1 ml" 1 , i 

Fw»«* prA» WM lwiwifftl mft»+ Vj^m fta— fry th"** y j 

tve 30~min washes at 60 *C m 50 mat-sodium chloride, 20mM* s 

sodium phosphste (pH7.0), ImM-EDTA (pH3J) and 0.1% j 

(w/v) sodium dodecyi sulfate (SDS). Dried niters were ex- j 

posed, with mtenaUyrng screens, st — SQ*C for 1*5 days with ; 

Kodak XAR-5 film. j 

Analysis of oncomoduiin protein 

Newly synthesized proteins were mctaboocaQy labelled by , 
incubating 8x10* cells/ 60 mm dkh m 0.5 ml tnethsoc^ne-free , 
DMEM. containing lOOfiG of [^]methk>cine (800 G . 
mmol" 1 ). lmm un o y t v ri pita tioo of lahrttcd eeKo m n m i lm pro- 
tein was p e rfo rmed as previously described (Chalxfour ef a/, j 
1986). Affinity-purified goat anri-ocKxxrjodulin IgG wss ttndly : 
provided by J.P. MscManua (Drrissoa of Biological Sci en c es , ■ 
National Research Council of Canada). Tmnnino prpapeaaed 1 
proteins were aepsrated by etecsnpberais m a 15% SDS- . 
polyscryUmkle gel ( L a cmmli . After gel ftoorogrxphy \ 

with Enhance (New England Nuclear), the gel was dried and : 
the labelled inirmmoprecipitated proteins were risuafited by 
exposins; the gel for 14 days with XAR-5 Kodak film. 

A quantitative analysts of o crornod ii lrn protein levels was 
pc tfo r nw d by rsdwimmunosasay usrag a previously described 
protocol (MacManus ef aL 1982). 

Rvtults 

Expression of oncomoduiin in Rat-1 ceils 
In order to assess directly the effect of oncomoduiin on 
cellular tearafornUtion, the recombinant pUsrnid 
pMTONCO was introduced into an established rat 
fibroblast cell line (Rat-1) in which no eacprcssioa of the 
endogenous oncornodulin gene w*a detected. Rat-1 cells 
were transected with either 50 ng of pSV2NEO per 
100mm diah or co-tranafcctcd with a mixture of 50 ng 
pSV2NEO ind 250 ng pMTONCO per 100 mm dish. 
After selection, well-isolated G-4 IS- resistant colonies 
were cloned. A G-4 1 8 -resistant Rat- 1 cell line that had 
been transfected with pSV2NEO DNA was isolated and 
this cell line. NE05, was used ss a negative control 
throughout this work. Nine 041S- resistant colonies 
were cloned following transection of the Rat-1 cell line 
with precipitates containing both the pSV2-nco and 
pMTONCO plssmids. 
Total RNA was isolated from either control (RAT-l 
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RN^tSE^ A °L** ^ «P~ in « *« ™ oncomodulin cDNA. Lane A contain. 

RNA purified from ™ Hcpttomo, and the tmjw indicate* the pcmon at which endogenous rtt oncomodulin migrates within 
a 1.4% agaroae/forrnaldehyde gel. Una B tnd C represent RNA isolated from IUt-1 ind NEOS ceil* reiDerri^k RNA^T 
aolated from the MTONC02-7 ctll line either before (line D) or after (line E) cella were induced with heivyme^ In . 
^Ti JT ^P^? 2 ' 12 ■* ~ «^ "ore (Une F) or after (lane G) heavy rLaj induction. 
Note that oncomodulin croaa-hybridmng specie* m lanca D, E, F and G do not migrate with endogeneous oncomoduJin 
RNA. In addition, the sue of the oncomodulin RNA produced by the MT0NC02.7 and MT0NCOM2 cell Unes appeara to 
differ by approximately 50-100 nucleotides 



and NEOS) ceil lines, or from the nine G-418 ceil lines 
isolated from co- transection eacperimenta. The Utter cell 
lines were grown in either normal or heavy metal- 
supplemented media. Of the original nine cell lines, five 
G-418 cell lines were found to produce detectable levels 
of oncomodulin mRNA, and in each case the synthesis of 
oncomodulin RNA waa inducible by heavy metals (dat* 
not included). Of these five cell lines, two (MT0NC02- 
7 and MTONC02-12), producing different constitutive 
levels of oncomodulin mRNA, were chosen for further 
study. The oncomodulin RNA pattern of expression of 
MT0NC02-7 and MTONC02-12 is shown in Fig. 2. 
The presence of oncomodulin mRNA can be seen in each 
case before heavy metal induction, but the oncomodulin- 
specific mRNA levels increased approximately threefold 
after induction. The constitutive and induced levels of 
oncomodulin RNA appear to be higher in the 
MTONC02-12 cell line relative to the MT0NC02-7 cell 
line. The length of the RNA produced in the 
MT0NC02-7 and MTONC02-12 cell lines appears to 
differ by about 50-100 nucleotides. 

To determine .whether the RNA produced in these cell 
lines could be translated to produce authentic oncomodu- 
lin protein, [^Sjmethionine-labelled proteins from con- 
trol (Rat-1 and NEOS), MTONC02-7 and MTONC02- 
12 cell lines were immunoprecipitated with anti-oncomo- 
dulin sntiaera. An autoradiograph of the immunoprecipi- 
tated proteins, after separation by SOS-polyacrylamide 
gel electrophoresis and fluorography is presented in 
Fig. 3. Although all cell lines appear to have a 14000Af r 
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Flf r J. Autoradiograph of immunoprecipitated ^S-UbcMed 
protein with goat anti-oncomndulin antibody. Control cell ' 
lines include the parental (Rat-l) and p3V2NEO-tranaformcd 
ceil line (NEOS). Although all ceil tinea appear to contain a 
MK^K-IO 3 ^) background protein, only the MTONC02-7 
and MTONC02-12 cell lines show a specific 12.6K protein j 
band that correlates with the expected molecular weight for ! 
authentic rat oncomodulin. 



520 A-Af. Mts~Sfasson et a!. 



background band that is precipitated by the inti-oncomo- 
duiin antisera, only the MTONC02-7 and MTONC02* 
12 cell lines contain a specifically immunoprecipitited 
protein of the correct molecular weight for oncomodulin. 
In addition, radioimrnuneassay* for oncomoduiin were 
performed. While the Rat-l and NE05 cell lines con- 
tained undetectable levels of oncomodulin (<25 rig onco- 
modulin mg~ total protein) both the MTONC02-7 and 
MTONC02-12 cell lines produced significant amount! 
of oncomodulin. In particular, in the absence of heavy 
metal stimulation of the methallothionein promoter, the 
MTONC02-12 cell line produced upwards of 1500 ng 
oncomodulin rag" total protein. This level of expression 
is comparable to previously reported result* for the 
oncomodulin levels seen in transformed rodent and 
human cell lines in vitro (MacManus et a!. 1982). 

To characterize the influence of oncomodulin ex* 
pression on patterns of cell growth, the MTONC02-7 
and MTONC02-12 cell lines were assessed for their 
growth rate in culture, the ability of cells to form colonies 
in soft agarose and the ability of cells to form dense foci at 
confluence. For comparison, the growth patterns of the 
Rat-l, NE05 and Rat-ISMLT cell lines were also 
evaluated, Rat-ISMLT is a polyoniavurus'transfomed 
Rat- 1 cell line derivative that expresses all three 
T-antigens, which was isolated following the introduc- 
tion of the pSV2NEOSVEB la plaamid into the Rat-l cell 
line. The histogram in Fig. 4 indicates the growth rate of 
the various cell lines. Both the MTONC02-7 and - 
MTONC02-12 have growth rates comparable to the 
parental and p5V2N£0-containing cell lines, while the 
transformed Rat-ISMLT cell line dkplays i faster 
growth rate and is capable of attaining higher cell 
densities. In addition, the ability of oncomodulin-pro- 
ducing cell lines to grow without solid support was 
determined. Cells were seeded in soft agarose and al- 
lowed to grow for a period of 7-10 days. As shown in 
Fig. 5, only the polyoma virus- transformed cell line Rat- 
ISMLT was able to grow without solid support, and 



neither the MTONC02-7 nor MTONC02-12 ceil lines 
displayed significant growth ta sort agarose. Finally, 
while the Rat-ISMLT cell line did not display contact 
inhibition and readily formed foci as ceils reached conflu- 
ence, the MTONC02-7 and MTONC02-12 ceO lines 
resembled the parental Rat-l cdl fine ta the* Snabtficr to 
form foci, even in heavy metaJ-suppletnented media. 

We also wished to address the question of whether the 
expression of oncomodulin, while not by itself a trans- 
forming agent, could predispose a cell to oncogenic 
transformation. For this purpose the frequency at which 
different ceil lines could be transformed by the plasxnid 
pSV2NEOSVEBla was assessed and the results pre- 
sented in Table I. The transfor mat ion frequency ts not 
Hnear with ONA concentration, since such a linear 
relationship occurs only at low DNA cotxentratSoos 
(<20 ng), and it has previously been shown that as the 
amount of DNA becomes saturating the specific trans- 
Table 1. Effect of oncomodulin cxf*rsnon on the 
frtquency of ncophxstk trunjfijn na tion 
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• Calculated m the total number of foci per iav of 
pSYZNEOSYEBla DNA. 
t Concentration of pSVZNEOSVEBU DNA per lOOmm d'ah. 
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Fig. 4. Histogram fTpreacntating 
the growth, rate of cell lines in 
culture. Included are the growth of 
the parental Rat-l cdl line, a 
pSV2NEOSVEB 1 a-traraformed 
ceil line (Rat-ISMU), s 
pSV2NEO transferred cell lines 
(NE05), and two independently 
isolated MTONCO/pSV2NEO co» 
transfected cell lines (MTONC02- 
7 and MTONCOM2). 
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forming activity decline* until t plateau U retched (Met 
and Hassell, 1982). Nonethlesa, the expression of onco- 
modulin does not tppcar to potentiate celldar transform- 
ation, at the MTONC02-7 and MTONC02-12cell Una 
displayed approximately the tame frequency of transr 
formation after transection with pSV2NEOSVEBia 
DNA as the NEOS control. By comparing their rate of 
growth in culture and their ability to form colonics in toft 
agarose, pSV2NEOSVEB la- transformed derivatives of 
both the MT0NCO2-7 and MTONC02-12 cell lines 
displayed growth patterns indistinguishable from 
pSV2NEOSVEBla : trantfonned Rat-l cells. 

Expression of oncomodulin in primary cells 
Some oncogenes, while unable to transform established ' 
cell lines in culture, are capable of indefinitely prolonging 
the lifespan of primary cella in culture and have sub- 
sequently been referred to aa immortalizing genes (Ras- 
toulzadegan et at. 1982; Land et at. 1983; Ruley, 1983). 
An example of this type of immortalixing gene it the large 
T-antigen of polyoma virus. In order to assess whether 
the expression of oncomodulin could confer an immortal 
phenotypc on primary cells, 10^ of pMTONCO plas- 
mid was cb-transfected with 10 u% of pSV2NEO plasmid 
per 100 mm dish of BMK. cells. Aa controls, both 
. pSV2NEO and pSV2NEOSYEBla were independently 
trariafected onto BMK cells at a concentration of lOfqg of 
plasmid DNA per 100 mm plate. In all cases cells were 
put under G418 selection and C418-resisunt- colonies 
were cloned. The survival rate of individual colonies is 
presented in Table 2. Greater than 50 % of primary cells 
isolated after transfection with the pSV2NEOSVEBla 
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Fig. 5. Growth of cells in soft agarose. Only the 
pc4yotnsvin»*rsnsformed cell line (Rat-ISMLT) to 
able to form colonies in s senu-«olkI environment. 
Neither the parental cell line (Rit-l) dot the 
ot»ce*ncduUn-expre**ing cell lines (MTONC02-7 ind 
MTONCOM2) displayed appreciable growth in soft 
agarose. Celts were photographed through a dissecting 
rnieroscope at a ixugnification of x\S. 

Table 2. Effect of oncomodulin expression on the 
ability to done and propagate BMK cells in cultur e 

CeUEwcttsbtithcd/ 
C428-festat«nt clones pkked 



Trtmformirtf 
DNA* 


1 


2 


3 


PSV2NEOSVEBU 
p3V2NEOSVEBls 

♦pMTONCO 
pSnNEO+pMTONCO 
pSY2NEO 


4/6 
2/2 

0/40 
0/40 


2/3 
1/3 

0/12 


5/9 
6/9 

0/16 


•UNA used to trsmfect BMK ceils. 







plasmid could sustain continued growth in culture, while 
no cell lines could be established after transfection of 
primary cella with pMTONCO DNA alone. 

To ensure that the oncomodulin mRNA could be 
produced in primary cella, the pMTONCO and 
pSV2NEOSVEBla plasmids were co-tranafected onto 
BMK cells and three C418-reststant cell lines were 
estsblished. RNA was extracted from these cell lines, 
separated by gel electrophoresis and probed for the 
presence of oncomodulin-speciHc RNA sequences. The 
results are presented in Fig. 6. While all three cell lines 
produced rx)lyonu virus-specific RNA (data" not in-- 
eluded), at least one cell line alsoexpressed-RNA specific 
to oncomodulin. Thus, we conclude that the 
pMTONCO construct is expressed in primary cells. 
Since there appears to be no impediment to oncomodulin 
expression in primary cells, the inability to isolate cell 
lines after transfection of the pMTONCO plasmid onto 
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Fig. 6. Northern blot analysis of G4l3-setected 
pSV2NEOSVEBli/MTONCO cocnmfected primary BMK 
cells. The arrow by lane D indicates the position at which 
oncomodulin RNA migrates within a 1.0% agarose/ 
formaldehyde gel. Of RNA extracted from three randomly 
selected eel! lines (lane* B, C and D) producing 
polyomavirus-spcWfic RNA*, at least one cell line (lane C) 
also produces oncomodulin-speciHc RNA from integrated 
MTONCO sequences. 

BMK cells indicates that oncomodulin is not an immorta- 
lizing agent in vitro. 

Discussion 

As rat oncomodulin is expressed in a wide variety of 
tumors, it was of interest to determine if oncomodulin in 
any way contributes to or facilitates the development of 
cancer. In this initial: study, it was investigated whether 
oncomodulin acts in a manner analogous to oncogenes m 
vitro. For this purpose, an expression vector containing 
the rat oncomodulin cDNA was introduced into both an - 
established cell line and primary cells derived from 
mouse kidney. 

A recombinant plasmid (pMTONCO), in which the 
synthesis of oncomodulin-specific RNA is under the 
direction of the metallothionein pro mo tor, was used in 
these studies, The.pMTONCO plasmid was,introduced 
into Rat* I cells and the expression of oncomodulin- 
specific RNA was verified. The two cell lines chosen for 
further study, MTONC02-7 and MTONCQ2-12, pro- 
duced oncomodulin-soecirtc RNA of different length. We 
believe this difference is due to differential utilization of 
polyadenylation signals, where MTONC02-7 cell line 
uses the authentic oncomodulin polyadenylation signal. 



and the MTONC02-12 cell liner utilize* the SY40 poly- 
adenylation aignal. It boot know why these different ceil 
lines employ different po^eayiatioa signals, although 
n ia dear that the SV40 signal ts .normally the preferred 
site, since four of the five oocomoduun RNA-producmg 
cell lines utilize the SV40 porysJeayiation signal (data not 
included). The pMTONCO piasmid did direct the - 
tynthesis of the oncomodulin protemrsince h was shown 
.that only in the MTONC02-7 and MTONC02-12 ceil 
lines could a protein of p red i cted molecular weight be 
specifically uiununopreciprtated with antiserum directed 
against oncomodulin. Since the level of oncomodulin 
protein, as judged by racUoirnmimeaasay, was comparable 
to the level seen in transformed cell lines (MacManus et 
ai. 1982), we presume that the MTONC02-7 and 
MTONC02-12 cell Hnet are suitable candidates for the 
analysis of oocornoduffn gene fanctioo. 

Two otKornodulir>pir>5ucing ceS lines, MTONC02-7 
and MT0NCO2-12, were <krrred from Rat-t ceila, an : 
established rat cell line. Both oeO lines were compared 
with an oncogenicaQy transformed cell line, since many 
of the phenotypic changes unique to transformed cells 
affect the rate and pattern of cell growth. The 
MTONC02-7 and MTONC02-12 cell lines showed 
similar density-dependent growth inhibition present in 
nontransformed cell lines (HoHey and Kiernan, 1968). 
By contrast with normal cells, many transformed cell 
lines grow efficiently ia semi-solid medium (MacPheraoo 
and Stoker, 1964). Ot>coiDodulxa-?roducmg cell lines 
were unable to. form colonics in soft agar, and displayed 
growth rates and saturation densities comparable to the 
untransfonned parental cell line. Therefore, by a number 
of criteria, the p resen ce of oogaww^ ^ | | f n m m established 
cell line does not appear to confer growth characteristics 
normally associated with cellular transformation. We 
have net tested whether the MTONC02-7 and 
MTONC02-12 cell lines are able to form tumors in 
syngeneic animals. However, since a loose correlation 
exists bttweeu growth in soft agarose in vitro and tumor 
formation in vivo (Freedrnan and Shin, 1974; Shin et al. 
1975), oncomodufo-producina; cells would not be 
expected to be tumorigente, although this rjossibilhy 
cannot be dismissed entirely. 

To investigate whether oncomodulin might act in a 
. more subtle manner to influence oncog en ic transform- 
ation, the MTONC02-7 and MTONC02-12 ceil lines 
were transformed with the pSVTS VEB la plasmid. While 
oncomodulin is not able to initiate transformation of Rat- 
I cells, it is conceivable that the presence of oncomodulin 
might make cells more susceptible to the effects of a 
transform*! ng oncogene* From our results we conclude 
that, in thia m vitro system, expression of oncomodulin 
does not increase the transforming frequency of the 
pSV2NEOSVEB la plasmid, nor docs it appear to affect 
the growth chmctcristics of poryornsvirus-trarisfoiTned 
cells. . , " 

Since the highes? expression of oncomodulin is nor* 
mally found in _the outer placenta (Brewer and 
MacManus, 1985), it is tempting to speculate that 
oncomodulin might function to enhance tumor invasive- 
ness or metastasis. This hypothesis seems unlikely, since 
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oncomodulin is also normally present in noninvasive 
imnion (Brewtr and MtcMiniw, 1985), and it has betm 
shown that no correlation exists between the level of 
oncomodulin expression and tumor vigor (MacManus 
and Whitfield,. 1983), Oncompdulfn-producing pclyoma- 
virus-transformed cells were not tested for their ability to 
form tumors in animals, although this analysis would 
directly address whether the expression of oncomodulin 
confers a growth advantage to transformed cells 
during cumor formation: 

Some oncogenes, while not able to transform cells in 
culture, appear to be able to indefinitely prolong the 
lifespan of primary cells in cultures and have been 
referred to as immortalizing genes (Rassoulzadegan et al. 
1982; Land et a!. 1983; Ruley, 1983), Though we have 
demonstrated that oncomodulin*«pecific RNA can be 
produced by the pMTONCO construct in primary cells, 
we were unable to show that expression of oncomodulin . 
altered the lifespan of primary cells in culture. Thus we 
conclude that oncomodulin does not act in a manner 
similar to immortalizing agents. 

To date, our attempts to uncover an oncomodulin- 
specific activity that would play a role in tumor develop- 
ment have been unatxeeessfut While the results presented 
here rely heavily on in vitro tissue culture systems, 
parallel experiments were initiated to assess the role of 
oncomodulin m vivo. For this purpose the pMTONCO 
plasmid was micro injected into fertilized mouse embryos 
in order to generate transgenic mice. The results of these 
experiments will be discussed extensively elsewhere 
(Chalifour et el. 1989). However, it appears that ex- 
pression of oncomodulin is incompatible with the normal 
development of the mouse, and live births of oncomodu- 
lin-expressing transgenic animal* were not observed. 
Though we can conclude that oncomodulin does not act 
like an oncogene in vitro , we cannot rule out the 
possibility that the expression of oncomodulin in some 
way influences tumor formation in vivo. 

We thank J. A. Hasacli, J. P. MacMsnus and B. Massic for 
providing some of the reagents used in these studies. We ire 
grateful to J. P. MacManus for p er f orming the radioimmune- 
asaayi. We also thank F. Goaaard for helpful diaeustiona ind 

critical reiding of the manuscript. 
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Abstract 

Insulin secretion is controlled by a complex set of factors that . 
include not only glucose but amino acids, catecholamines, and 
intestinal hormones. We report that a novel glucason*Kke pep- " 
ride, co-encodrd with glucagon in the glucagon gene isja potent -- : 
insulinotropic factor. Tnc'g! wagon gece encodes t proglucagoo * 
that contains in its sequence glucagon and additional glncagon- 
liie peptides (GLPs), These CL* axe liberated froQ proglu- 
casjon m bcth the pancreas and intestines. "GLP-I exists in at 
least two forms: 37 *rino adds CLP-I(l-37), and 31 amino 
acids, CLP-I<7-37). We studied the effects of synthetic GLP-ls 
on insulin secretion in the isolated perfused rat pancreas. In the 
presence of 6.6 mM glucose. GLP-I(7-37) is a potent stimulator 
of insulin secrerion at concentrations as low as 5 X 10*" M (3- 
to NMbld increases over basal). CLP-l(l-37) had no effect on 
insulin secretion even at concentrations as high as 5 X 10~ 7 M. 
P e earlier demonstration of spodfic liberation of GLP-I(7-37) 
in che intestine and pancreas, and the cagnitude^of the insuli- 
nctroptc effect at such low concentrations, suggest that GLP- 
1(7-37) partidpates in the physiological regulation of insula, se- 
cretion. 

Intoduction 

Pancreatic glucagon and intestinal glicentin axe synthesized in * 
the form of a 180-residue protein, preyrogiucagon encoded in 
c single gene ( 1). The precursor contains in addition to glicentin 
and glucagon the sequences of two glucagon-like peptides 
(GLPs)\ GLP-I and GLP-H, separated by an intervening peptide 
(IP-ID (2-5). The posttn»nsiational processing of preproglucagon 
differs in pancreas and intestine (1, 6). In the pancreas the pre- 
cursor is processed to glucagon and GLP-I, end in both large 
and small intestines glicentin, GUM, GLP-O «id IP-IMeudne- 
amide are found. Both pancreas and intestine contain GLP-I in 
at tost two forms— 31 and 37 residues long (1). . 

The close similarity of the amino add sequence of GLP-ls 
and GLP-U with glucagon and the other peptides related , in 
structure to glucagon (secretin, vasoactive intestinal peptide, 
gastric inhibitory peptide, growth hormone-releasing hormone) 
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fu&esu that the GLPs might have a role :n metabolic regulation, 
uw specinc liberation of GLP-I and CLP-U in the intestine 
indicates thu; these peptides may be components of the entero- 
msular. axis (7), which comprises multiple intestinal factors in- 
fluencing the release of hormones produced in the pancreatic 
islets. Further, they may be incrctins, endocrine transmitters 
produced in the gastrointestinal tract that are released by nu- 
trients and sdmuiate insulin secretion in ±t presence of elevated 
glucose if exoge neously infused in amounts : -ot exceeding blood 
levels achieved after food ingestion (8). Detection of both GLP- 
1(1-37) and GLP-I(7-37) in pancreas and intestines raises the 
possibility that GLP-l( 1-37) is itself a prchcrtnoneihat undergoes 
a proteolytic cleavage at the single arginiae- residue at position 
6 to release the biologically active GLP-I(7-37). In these sr^iies 
we used synthetic GLP-IO-37) and GL?-I(7-37) to investigate 
their effects on insulin mttion in the perused rat pancreas 
and find that CLP-I(7-37) has uniqudy potent insulinotropic 
actions. 



Methods 

Synthesis of peptides. Glucagon and GLP-ls were synmesired by the 
stepwise Julid-phase method (.0). Because the assembly of the peptide 
cMin proceeds in the carboxyl- to the ammo-ierminal direction, CLP- 
1(1-37) and CLP-I(7-37) urrc prepared in the same synthesis by separating 
the peptide resin after incorporation of a protected tustidyl residue at 
position 7 and continuing the assembly of amino adds on the other 
aliquot of the peptide resin to^btain protected GLP-[(I-37) peptide resio. 
Peptides were purified by preparative reverse-pease C-I 8 chrcmatopapby! 
Purified peptides were shown to be homoseaecus by amino add analysis, 
previeW-MQucnce analysts, and high performance liquid chromatography 
(HFLQ on reverse^haa C-18 and ton-exchaage DSXE-52 columns. 

Radioimmwtoazsays. Development of the aatisera and competitive 
binding radioimmunoassay* for jlucagon and CLP-t ue described else- 
where (I). In brief, samples were incubated wifc the antisera in borate 
buffer (pH 8.1) for 24 h at O'C followed by addition of ,13 I-labe!ed 
peptide for an additional 24 h io a total volume of 0.5 ml. Separation 
of the antibody bound from the free peptide was accomplished with 
dextran-coated charcoal. Assay sensitivity +~r± an three antisera w« 10 
Fg/ml. The antiserum against CLP -I wis obtained by immunization 
with CLP.lCt.37-j and is dirwted against bod ie amino-terminal (1-6) 
nart of the molecule and to 7-37 determinants. Therefore, the amount 
of CLP-I(7.37) may be over or underrsti mated with respect to CUM( t- 
37) in ihe assay. The assay for insulin (i0) used charcoal separation and 
. rat insulin standards (Novo Research Institute; Copenhagen, Denmark). 

Rat-perfused pancreas experiments. The preparation of th^ in situ 
isolated ni pancreas has been described previously (11.12). The perfusate 
contained bicarbonate buffer (pH 7.4) and, 120 rng/dl glucose, 4% dextran 
T-70. and 0.2% bovine scrum albumin, and was equilibrated with 95^ 
O; and S% COj. The first 20 min of each peWwsicn was an equilibration 
period and is not presented in the data graphs. 
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After the initial 20-mii. cquilicration period. altquou of pcrfus^e 
were removed every 1-4 min for additional 70 min. thus allowing the 
system to equilibrate for a total of 40 min. The perfusion, with CLP. 
f(I-37) or CLP-r(7-J71, was for 6 min sod samples were collected at !- 
min tnt-rvals. The otrJde perfusions were followed by equilibration 
penodt of 20 min, during which four samples 5 min span were collected. 
A second 6-min perfusion followed with the same peptide as the first 
perfusion only at 100 urscs higher concentration of peptide. Again, sam- 
ples I min apart were collected. The to tire perfusion time was berweea 
"0 and 35 min. 

In each aliquot cf perfusau obtained; insulin was determined by 
radioimmunoassay In addition the efficiency of delivery of the GUMs 
was confirmed by radioimmunoassay of corresponding aKquots of per- 
fusate in which insulin was measured (I). 



Results 

To optimally study the effects of GLP-l(7-37) and GLP-t(I-37) 
on uuufin secretion we used separate perfusions with each pep- 
tide, perfusing twice at two Afferent concentrations of peptides 
and allowing 20-mto time intervals berwen the two perfusions. 
" n T 0f a**™ 5 pancreases using this protocol. 

GUM( ( -37) w*. a potent stimulator of insulin secretion, giving 
about a 20-fold stimulation at 5 X I0* y M and a sixfold stim- 
ulation at 5 X 10-" M (Fig. 1). In comparison, GUM(I-37). 
also studied in two pancreases, showed no effect on insulin se- 
cretion at either 5 X I0"» or 5 X M (Rg. 2). At the Carter 
concentration no effect was obtrved even during a 15-min per- 
fusion period (Fig. 2 S)\ 

Using a slightly different perfusion protocol than that de- 
scribed above (Figs. I and 2) we gave aiteraatc>min infusions 
of the peptides at concentrations ranging from 5 X l(T 7 to 5 
X 10-'* M to five additional individual pancreases. We repro- 
ducibly observed insulin release in response to GliM(7-37) at 
concentrations as low as 5 X 10'" M. «sd little if any insulin 
responses to GLP-I(I-37) at concentrations as high as 5 X a0~ T 
M. Thus,* the potent insuiinotropic actions of GLP-IC7-37) have 
been observed in studies of seven separate pancreases. - . 

Effects of glucagon on insulin secretion in the perfused pan- 
creas have been established previously (13% We also compared 
the effects of glucagon to that of the CLP-Zs. We used synthetic 



glucagon in the concentration range of 10* 
it to be less potent thsn CLP-ICOT). 



-10* 7 M and found 



Discussion 



The results of these studies dearly indicate that CLM(7-37) h~ 
potent insulinotropin activity. Tie Uberation ofthb peptide fc;- 
prcglucagon in the intone, ,aod -o a 1^ ^xnl in the pancreas- 
( I X raises the possibiliry that GL?-lf7-37) has a role in endocrine 
regulation m the entero-insular axis (7). Our data, taken toeethcr 
with earher cbservanons that glucagcn-Uke immunorcanivity 
in cnrde gui extracts released insulin after ingestion of giuccse 
and fat. (8) suggest that GLP-K7-37) could potentially be an 
martin. Ot all the known intestinal hormones tested Tor their 
mstdin-releasing potency in the past, gastric inhibitory peptide 
aas been considered *s a pessfcie incretin (14, 15). However = 
the concentrations of gastric inhibitory pepu'de required to stira- 
ulate.insuun secretion exceed the physiologic levels of the peptide 
achieved after a meal. In the rat-perfused pancreas in the presence 
of 8.9 roM glucose, gastric inbibttcry .oeptiae (10^ M) increased 
insulin secretion sixfold (15). We find a ccmparaWe increase in 
insulin secretion with GUM(7-37) at concentrations lOO-fold 
lower than these required for an insuiinotropic response to gastric 
inhibitory peptide. By radioimmunoassay we have measured 
both GUM(U37) and GtP-I(7-37) levels of - 150 pg/ml (50 

l^'*™? 0 -™ 1 bIOOd 211(1 50 & mX 05 pM) in peripheral 
blood (S. Mojsov, unpubiished results). Therefore, the insuii- 
notropic effect that we have observed at concentrations of GLP- 
((7-37) ofbepveen 5 and 50 pMarc weU within the physoIoccaZ 
levels of GL?-l(7-37) found in the circulation. 

There has been considerable roterest in the potential intra- 
net rciatio nships which might occur between A, B, and D cells, 
such that the secretory product of one cell type might influence 
tfcfi function of a neighboring cen (17). Interaction could take 
place via a paracrine mechanise* or through a local intra-islet 
portal system. Glucagon can srirrmhtc both in«ni;™ and soma- 
tostatin secretion (12, 18), but because there appears to be a 
functional compartmcntalhation between islet cdls, it is unclear 
whether glucagon can actually reach B and D ceils (19), Taking 
into account the vascular arrangement of the rat islet, the glu- 
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Fi&zrv /. The effects of sepa- 
rate perfusions in two represen- 
tative pancreas CLP-I(7-37) it 
two concer.sraiaas. Z X 10*" 
pd i X iO" M. Solid lints. 
insulin values determined by 
radioimmunoassay. Dashed 
lines, amount of peptide per- 
fused as determined in a com- 
peutivt binding radioimmu- 
noassay with anti&cra against 
CUM(I-37). The amount of 
GLP.l(7-37) tl 5 X-I0-" M ix 
beyond the detection sensiuviry 
of the radiotrnmunoAsay. Each 
graph represents a perfusion of 
a aeptrate ptnereas with a 
gi^n peptide. 
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pusreu with GU>-[(!-37) at 
«wo con-sntrau'ons. S x to* 4 and 
J '< 10*' M. Details of the esper- 
imeat and explanation of sym- 
bols »re described in legend to 
Fig. I. 



agon-containing A cells of the mantle appear to be downstream 

reach the 3 cells tn high enouth concentration to exert a sis- 
nfcant influence (=?}. The mantle of A and D cells are. however, 
adjacent and Uus mJc« the pessibiEty of paracrine interaction 
more feasible, although experimental support for such an inter- 
-c^on a not available. The finding that CLP-K7-37) is a more - 
potea : .nsuhn secreagogue than glucagon raises imports, 
questions about its potential intra-islet role. - 
GLPn'sm"^ C f M ? I-tetatiai of glucagon. GUM<7.37) and 

SZT.^ 0,te *» 

sequences and to vasomteniBal peptide that possibly exerts a 

neuronal stimulate of insula secretion (21). A most striking 
amiUnry among them is the conservation of a histidine residue 
! fi!? ,° ?°? w "- h y 8«lHe iahibitory peptide, 

also closely related in its structure to the Gift, has c tyrosine 
rradue at position I instead of fistidine (22). Inasmuch "as » 
hmtdine residue at this position is esseatal for ac*to-Ute cyclase 
*rc1??Z Z™** sys * uls - * *eater insulinoma potency 

Tor by the histtdine substitution Ibr tyrosine (23). 

Additional evidence in support of the concept that GLP-H7- 
37) u a potent insuhnotropic peptide is provided by our receui 
observauon tSat GLP-If7-37). and not KlX S 

SfSt v T 7 T !aSC » * « ^aoma eel! line (RIN- 
J - ****** W - L. Chicll and 

L1m,7T ' man "i scn P t ia P«P»«tion). Further, srudies by 
STo-'To ^ ^ ' h0 ™ iXh * i ° «^ precultured ii- 
*?riv a M of the peptide GUM(l-36 

des Gly-Arg amide) were required to release insulin (24) 
Deternuning whether GUMf7-37) is the hormone whose 

feSn? tT 0n SlimuUte insu,ia "«*»» «« «*l»nse to 
feeding, or u one of a complex group of hormones involved in 
maintaining glucose homeostzsis, will require further invest!- 
gation. 
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